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Examination of the electronic spectrum of IrCl~- has 
led to a reassignment of the electronic transitions in-
volved. The band at 206 nm, formerly assigned as the spin 
allowed 1TL to metal eg transition, is shown to be lt1u (cr)-+ 
2eg(z 
2 2 2 1 1 Low temperature 
' 
x -y ) [ Alg~ Tlu]. spectra re-
vealed t~e presence of additional features at 250 and 278 
nm. These are ascribed to the lt (1T)-+2eg (z 2 , x 2-y 2) 
1 1 2 Zuz 2 1 3 
[ A 1 g~ T1u] and ltzu (1T)~2eg (z , x -y ) [ A1g-+ T1u] transi-
tions , respect iv e 1 y . Irr ad i at ion ( I- = 2 S 4 nm) of 1 - 12 M 
3- 2-HCl solutions of Irc1 6 yields Irc1 6 and H2 . Since the 
excited state populated at this wavelength has been shown to 
be ligand to metal charge transfer in nature, the reactive 
intermediate is proposed to he an Ir(II) species with a 
chlorine atom still formally bound. Photolysis of the reac-
tion product, IrCl~- in HCl results in the formation of 
IrCl~- and c1 2 . This reaction prevails regardless of wave-
length of excitation. The reactive state is again V1CT in 
nature. Coupling of these reactions effects a reversible 
photochemical hydrohalic acid splitting catalyst. 
The photochemistry of Mo(III), Mo(IV), Mo(V) in aqueous 
solution was investigated, and these ions were shown to be 
photochemically inert. Structural characterizations via 
Raman spectroscopy and X-ray ahsorption edge and EXAFS were 
undertaken. The ~o(II) structure is shown to be q quadruply 
vii 
bound dinuclear species. The Mo(III) is singly bonded with 
hydroxy bridges. Data for the Mo(V) ion are typical for 
oxobridged dinuclear compounds. In strong acid, Mo(IV) is 
shown to exist as a trinuclear species. As the pH of the 
medium is increased, the Mo-Mo amplitude decreased, indicat-
ing possible cluster fragmentation. In basic solution, a 
major structural change occurs. The presence of halide ions 
had no effect on the spectra. 
Ru 3 (C0) 12 reacts photochemically in the presence of 
olefins, CO, and H2 to catalyze the hydroformylation reaction. 
Typical yields are 1 .. 5 x 10- 3 moles of aldehydes in a 2:1 
linear to branched chain ratio. A heterogeneous catalyst 
can also be effected ~y photoinduced fragmentation of the 
cluster in the presence of PV4P. Attachment of a Ru-CO 
moiety was confirmed by IR and elemental analysis. The first 
step in catalyst activation was shown to be formation of 
Ru(C0) 4olefin with a quantum yield of 0.03 for 1-pentene. 
Subsequent steps involved formation of a hydride-olefin 
complex, rearrangement to a hydride alkyl, "CO insertion," 
and reductive elimination of aldehyde. Olefin isomerization 
and alkane production are also seen under reaction conditions. 
Formation of larger ruthenium carbonyl clusters led to 
catalyst deactivation. Photolysis of Ru3 (C0) 12 in the 
presence of H2 led to the formation of ~H4 -Ru4 (C0) 12 . This 
molecule can also effect catalysis of the hydroforrnylation 
reaction, although yields are an order of magnitude less than 
for the parent cluster. 
viii 
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Chapter 1 
3- 2-The Photochemistry and Electronic Spectra of Irc1 6 and IrC1 6_ 
Abstract: 
2 
3-Examinat ion of the electronic spectruM of Irc1 6 
has led to a reassignment of the electronic transitions 
involved. The band at 206 nm, formerly assigned as the spin 
allowed TIL to metal e transition, is shown to be lt (a) + 
g lu 
2 2 2 1 1 Zeg(z ,x -y ) [ A1g + T1u]· Low teii1perature spectra revealed 
the presence of additional features at 250 and 278 nm. 
. 2 2 2 1 These are ascribed to the lt (TI) + 2e (z ,x -y [ A1 + ~u g g 
1r1ul and lt 2
u(n) + 2eg(z 2,x -y 2) [1A1g + 
3r1u] transitions, 
respectively. Irradiation (~ = 254 nm) of 1-12 M HCl solu-
3- 2-tions of Irc1 6 yields Irc1 6 and H2 . Since the excited 
state populated at this wavelength has been shown to be TI 
ligand to metal charge transfer in nature, the reactive 
intermediate is proposed to be an Ir(II) species with a 
chlorine atom still formally bound. Photolysis of the 
reaction product, IrCl~- in HCl results in formation of 
IrCl~- and c1 2 . This reaction prevails, although quantum 
yields vary, regardless of wavelength of excitation. The 
reactive state is again LMCT in nature. Coupling of these 
reactions effects a reversible photochemical hydrohalic acid 
splitting catalyst. 
3 
The photoredox reactions of cr 2+,l,Z Fe 2+, 3- 6 v2+, 4 
E 2+ 7-9 c 3+ 10 c 2+ 4 d c + 11 . 1 . . ld u , e , o , an u 1n aqueous so ut1on y1e 
molecular hydrogen and an oxidized metal species. Although 
the formation of a hydrated electron via a charge transfer 
to solvent (CTTS) state has been proposed, this type of 
mechanism has been Unequivocally established only for cr 2+,12-14 
Fe(CN):-,ll-l 4 W(CN)~-, 12 - 14 Mo(CN)~-,lZ-l 4 and Cuc1;. 11 
Recently, metal cluster compounds such as Mo 2 (so4)1- ,15 
4- 16 4+ 16 6+ 17 .. Mo 2c1 8 , Mo 2(aq) , and Rh 4 (br) 8 (hr = l,3-d11socyano-
propane) have been shown to effect the photochemical reduction 
of protons in aqueous solution. The mechanisms of these photo-
redoxreactions have not been elucidated in any detailed sense. 
Our interest in this area centered originally on the 
2-aqueous photochemistry of Re 2x8 (X =Cl, Br). Both com-
plexes· are diamagnetic, have an unusually short Re-Re bond, 
and show an eclipsed rotational configuration. These 
phenomena were first explained by Cotton18 who proposed that 
4 4 2-a d - d complex such as Re 2x8 possesses a quadruple metal-
metal bond (o 2n4o2). As shown in the molecular orbital 
scheme in Figure 1, o,n , and c bonding and antibonding 
orbitals ~ay be generated from the appropriate linear combi-
nations of the <lz 2 , (dxz, dyz) and dxy orbitals, respec-
tively. While the exact position of the 1A1g + 
1A2u (cc*) 
transition has been the subject of much controversy, it is 
now well established that this transition in Re 2Cl~- falls 
at 680 nm. 19 Assignments of the electronic absorption 
4 
Figure 1 
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spectrum are given in Table 1. 
A previous study of the photochemistry of Re 2c1~ showed 
that irradiation led to cleavage of the quadruple bond, re-
20 
sulting in monomeric products. Photolyses (A < 366 nm) in 
CH 3CN yielded trans-[ReC1 4 (CH 3CN) 2] and ReC1 3 (CH 3CN) 3 as 
the primary and secondary photoproducts, respectively. 
Although definitive evidence was lacking, the most likely 
mechanism invokes association of acetonitrile to the excited 
state, thereby assisting dimer fragmentation. 
2-To see if Re 2c1 8 might undergo redox rather than sub-
stitution photochemistry, irradiations were carried out in 
HCl solutions (12 M). Ultraviolet light (A< 366 nm) led to 
2-the production of hydrogen and the chloro-bridged Re 2c1 9 
species, as identified by the electronic absorption spectrum. 
The fact that a one-electron oxidized binuclear complex was 
produced implies that dissociati~n to mononuclear fragments 
does not occur in this medium. If it had, both Re 2 Cl~- and 
Re 2c19 would have been observed, and none of the latter was 
evident. For photolysis (A < 366 nm) of Re 2 Br~~ in 48% HBr, 
molecular hydrogen was again produced, but the oxidized metal 
species in this case was Re 2Br9. In this case it is probable 
2-that secondary photolysis occurred, as Re 2Br 9 is strongly 
absorbing in the region of irradiation, and it is also photo-
sensitive. The overlapping spectra (Table 2) and each of any 
isosbestic points, however, preclude identification of any 
intermediates. 
7 














2- -Electronic Spectral Data for Re 2Br8 , Re 2Br 9 , and 
























2- -The Re 2x9 and Re 2x9 complexes (X = Cl, Br) are in-
effective as oxidizing agents and cannot be readily reduced 
to the starting material, Re 2 x~-. Also, the quantum yields 
for hydrogen production are extremely low (<<10- 4) and any 
reasonable degree of conversion required continued irradia-
tion for several days. Accordingly, we turned our attention 
to halo complexes of other heavy metals. 
The chloro complexes of iridium seemed logical candi-
3- 2-dates for investigation. Both Irc1 6 and Irc1 6 have been 
21-42 studiedextensively as thennal redox reagents, the latter 
being a powerful oxidant (E
0 
= 0.867 v). Previous work on 
2-the thermal aqueous chemistry of IrC1 6 has also indicated 
that it undergoes spontaneous reduction in alkaline or weakly 
. d. 1 . 43 ac1 1c so ut1on: 
(1) 
2-Thus, if Irc1 6 and H2 could be produced by irradiation of 
IrCl~- under the right conditions, a homogeneous, photodriven 
water splitting system would be available for detailed study. 
The goal of our work was to define the conditions under 
which photochemical water splitting by IrCl~-/ 2 - could be 
achieved, and to begin mechanistic investigations of this 
model system. 
To date only cursory investigation of the photochemistry 
of these complexes has been made. A report by Sleight and 
Hare indicated that IrCl~- undergoes aquation in neutral or 
10 
acidic solution with no media or wavelength dependence 
44 c f 1 . . 1 b . d b . apparent. on 1ct1ng resu ts were o ta1ne y Mogg1, et 
al., who found both redox and aquation photochemistry, the 
products varying with the wavelength of irradiation and the 
- 45 concentration of Cl present. In a flash photolysis study 
of IrCl~-, Adamson postulated that ultraviolet i~radiation 
of this complex results in solvated electron formation.46 
Although J¢rgensen had assigned the transition involved as 
being ligand to metal charge transfer in nature, 4 7 Adamson sug-
gested that it was, in fact, charge transfer to solvent. 
Owing to these conflicting results, we reinvestigated the 
electronic spectra of these complexes in parallel with our 
photochemical studies. The results of both the spectra-
scopic and photochemical experiments are presented in this 
chapter. 
Experimental 
Na 3IrC1 6 , Na 2IrC1 6 , and H2
18o (99% isotopically pure) 
were purchased from Alfa Chemical Company. Ultra-pure HCl 
or HCl distilled from hydroxylamine was used to minimize Cl 2 
content. 
Electronic absorption spectra and spectral changes were 
recorded with either a Cary 17 or a Cary 219 spectrophoto-
meter. Low temperature spectra were obtained using a C.T.I. 
21 cryocooler. Infrared spectra were recorded with a 
Beckman IR-12 instrument. A 250 watt Hg-Xe lamp in 
11 
conjunction with Corning cut-off on solution band pass 
filters was used for visible irradiations. A low pressure 
Hg lamp was used for 254 nm irradiations. 
Ferrioxilate actinometry was used for quantum yield 
determinations at 254, 313, 366, 420, and 488 nm. The 
procedure was modified to adopt precautions recently advised 
by Bowman and Demas.
48 
Quantum yields for IrCl~- oxidation 
were determined by monitoring the appearance of the 488 nm 
2-band of IrC1 6 . 
2-Di f ferential quantum yields for Irc1 6 
photolyses were calculated from the tangents of concentration 
versus time plots for the decrease in absorbance of IrCl~-
at 488 nm. In order to minimize secondary photoreactions, 
only a small percent of the initial complex was decomposed. 
Photolyses were done in special two arm evacuable cells 
equipped with Kontes quick-release valves. Solutions to be 
photolyzed were either freeze-thaw-degassed six times or 
purged with Argon prior to irradiation. In a typical experi-
ment 7 x 10- 3 M IrCl~- or 4 x 10- 4 M IrCl~- M was irradiated 
in an HCl solution. Typical photon fluxes were 2.7 x 10- 6 , 
6.9 x 10- 8 , 4.5 x 10- 8 , 3.1 x 10- 7 , and 1.3 x 10- 7 einsteins 
per minute for 254, 315, 420, and 480 nm, respectively. 
Conventional flash photolysis was performed on an 
apparatus constructed at Caltech. This consists of a Xenon 
Corporation N851C flashlamp fired by a Model 457 micropulser 
(energy= 36-100 J/flash), T112 ~ S µs). The sample was 
placed in a 15 cm pathlength quartz cell, and Corning cut-off 
12 
filters were used to isolate spectral regions. The monitor-
ing beam was the output of a 200 watt Hg-Xe lamp; detection 
employed an Oriel 7240 1/4 meter monochromator and a Hama-
matsu R928 photomultiplier. The signal was displayed on 
either a Tektronix 549 storage oscilloscope with Type W plug 
in or on a Hewlett-Packard 700 SB x-y recorder after storage 
in a Biomation 805 transient waveform recorder. 
Hydrogen and oxygen were qualitatively determined by 
mass spectral data. Quantitative measurements of H2 were 
done as follows. The total volume of ga~ evolved was mea-
sured by Toepler pumping the stirred, photolyzed solution 
into a known volume and manometrically measuring the pres-
sure. The gases were then passed through a heated CuO 
column. This oxidized Hz to H2o, which was condensed in a 
liquid nitrogen trap. The ar.10 un t of H2 was completed by 
differences. Typically, 10 torr of H2 were collected and 
measurements were reproducible to ± 6%. Mass spectral 
18 2- 18 analyses for o2 were made on samples of Irc1 6 in H2 0 
into which a known volume of HCl gas had been condensed. 
Results and Discussion 
the 
3- 2-Electronic Spectra of Irc1 6 and IrC1 6_. A generalized 
molecular orbital energy level diagram suitable for discus-
sion of both iridium complexes is shown in Figure 2. The 
IrCl~- complex has a low spin d6 electronic configuration, 
the highest filled level is 2t 2g 
6 (xy, xz·, yz). Thus the 
13 
Figure 2 
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ground state is designated as 1A1g. The first excited state 
configuration for ad - d transition is [2~g(xy,xz,yz)] 5 
2 2 2 1 [2eg(z ,x -y )], which gives rise to 1 1 3 T1g and T2g and T1g 
3 and T2g excited states. 
1 Transitions from Alg to these 
states give rise to four weak absorption bands in the 650-
3-350 nm region of the spectrum of Irc1 6 (Figure 3). The two 
relatively weak bands observed at 615 (s = 7.5) and 560 (s = 
10) have been assigned by J¢rgensen to the spin-forbidden 
transitions, whereas those at 415 (s = 76) and 356 run (s = 
64) to the two spin-allowed ones~9 This assignment scheme is 
consistent with the fact that the extinction coefficients 
are lower for the spin-forbidden bands, and that the triplets 
fall at lower energies than the singlets. An excellent fit 
to the transition energies is obtained by taking the follow-
ing values for the octahedral splitting (~) and electron-
repulsion parameters: ~ = 28 110; B = 250; C = 4020 -1 cm 
Calculated and observed energies of the ligand field states 
1 1 are as follows: TZg' 28,090 (calcd), 28,090 (obsd); Tlg' 
24,090 (calcd), 24,096 (obsd); 3r 2g, 18,050 (calcd), 17,857 
(obsd); 3Tlg' 16,050 (calcd), 16,260 cm-l (obsd). 
The intense, high energy band at 206 nm (Figure 3) was 
assigned by J¢rgensen as the spin allowed TI to eg transi-
47 
tion. Adamson, however, has criticized this assignment on 
the basis of a flash photolysis study as mentioned earlier~6 
Photolyzed solutions of IrCl~- under an atmosphere of N2o 
yielded IrCl~- and N2 , the products expected upon solvated 
16 
Figure 3 
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electron formation. Although the quantum yield for reaction 
(0.031) was an order of magnitude smaller than those for 
other complexes studied, and the purported solvated electron 
was not observed spectroscopically, Adamson suggested the 
transition to be charge transfer to solvent in nature. 
Flash photolysis studies in our laboratory showed no 
transient ascribable to e-(aq) although this could be ex-
plained by lifetime limitations of the apparatus. To test 
3-for charge transfer to solvent character, spectra of IrC1
6 
were recorded in various solvent systems and at different 
temperatures. According to a detailed analysis of CTTS 
bands by Blandemeyer and Fox~O there are a number of unique 
characteristics which can be used to diagnose this type of 
transition. These include 1) a blue shift of several nano-
meters when the solvent is changed from H2o to n2o; 2) a 
blue shift when organic solutes and solvents are added; 3) 
a blue shift for a large increase in ionic strength; and, 4) 
a very slight red shift as the temperature is increased. At 
a given temperature, different E values for a given ion in max 
a range of solvents reflect differences in the radius of the 
solvent cavity (which may be viewed as the radius of the 
excited state orbital). As the radius increases (correspond-
ing to an increase in the number of cavities available for 
electron salvation), the transition energy decreases. At 
higher temperatures, there is more disorder of solvent 
molecules, resulting in a larger excited state radius and a 
19 
greater number of available sites for the solvated electron. 
The high energy shift or Emax on replacing water by deuter-
ium oxide is in agreement with the generally accepted view-
point that water and deuterium oxide are very similar in 
their properties, except those of the latter are comparable 
to water at lower temperatures, i.e., more structural order 
exists. The effects of added solutes or cosolvents on 
charge transfer to solvent spectra have been extensively in-
vestigated but are not well understood in any quantitative 
fashion. It is known, however, that Emax increases when 
electron acceptor molecules are removed from the solvent 
shell (by dilution, substitution, or ion pairing), as would 
be expected from simple theoretical considerations. The 
main result of our studies is that the 206 nm band in the 
IrCl~- spectrum is insensitive to environmental perturbations 
(Table 3). Thus, at least for the transition that gives a 
206 nm peak, a CTTS assignment is inappropriate. 
It was noted, however, that the band in question is 
extremely broad, tailing out considerably toward low energy. 
Because this large bandwidth suggested the possibility of an 
additional transition(s), low temperature spectra were 
recorded. Figure 4 shows the spectrum of IrCl~- in a 50% 
LiCl glass at 60 K. The band at 206 nm has sharpened and 
intensified, but more interesting is the appearance of a new 
feature at ca. 245 nm and a shoulder at ca. 265 nm. If 
either of these features is ascribable to a charge transfer 
20 
Table 3. 3-Studies of the 206 nm Band in the IrC1 6 Spectrum 
Solute 
3.38 x 10- 5 M IrCl~-
0. 2 5 ~1 Cl 
0.20 M Li+ 
0.05 M NH: 
3.38 x 10-S M IrCl~-
1. 0 M Cl 
0.05 M NH; 
0.95 M Li+ 
3.38 x 10- 5 M IrCl~-
1. 0 M Cl 
1. 0 M H+ 
3.38 x 10- 5 M IrCl~-
1. 0 M Cl 
1. 0 M H+ 
3.38 x 10-S M IrCl~-
1. 0 M Cl 
1. 0 M H+ 
Experiment 
H20 solution (25°C) 
D20 solution (25°C) 
H2o solution (25°C) 
MeOH solution (25°C) 
H20/l.O M sucrose 
solution (25°C) 
H2o solution (25°C) 
H2o solution (25°C) 
H20 solution (S0°C) 
H20 solution (25°C) 














LiCl glass spectrum of Irc16


















to solvent transition, it should disappear in the solid 
3-state. Figure 5 shows a KCl pellet spectrum of Irc1 6 at 
16 K. All three bands are still present in this medium; 
therefore, none could result from a CTTS state. The high 
energy band at 206 nm has not changed position, whereas red 
shifts of ca. 800 and 1800 cm-l are observed for the less 
prominent features (these now appear at 250 and 278 nm, 
respectively). 
An assignment of these new bands may be made by analogy 
to Mason's interpretation of the spectrum of the isoelec-
2- 51 tronic PtC1 6 (Table 4). Two intense high energy bands are 
2-observed at 266 and 202 nm in the Ptc1 6 spectrum. Both 
sharpen and increase in maximum molar extinction as the 
temperature is lowered, which is characteristic of a fully 
allowed transition. The detailed assignment of the 266 nm 
2 2 2 1 1 band is the lt 2u (tt) ~ 2eg(z ,x -y) [ Alg ~ T1u]. The 
second band, observed at 202 nm in acetonitrile, is more 
intense than the first. The band is ascribed to an LMCT 
transition, but one involving ligand a orbitals: lt 1u(O) ~ 
2 2 2 1 1 3-2eg ( z ,x -y) [ A1g ~ T1u1· The bands in Irc1 6 must result 
from analogous transitions as given in Table S. The 206 nm 
. 2 2 2 1 1 band 1s lt 1u(cr) ~ 2eg(z ,x -y) [ A1g ~ T1u], the 250 nm band 
2 2 2 1 1 · the lt 2u(n) ~ 2e (z ,x -y) [ Alg ~ T1u]. The shoulder at 
g 2 2 2 1 
278 nm is undoubtedly the lt 2u(n) ~ 2e (z ,x -y) [ Alg ~ g 
3T1u transition. These assignments are consistent both with 
the intensities and energies of the bands. 
24 
Figure S 











































































































































































































































































































Spectral Data and Assignments for 
KCL/15 K lA ~ -lg-
b 3T lg 
b 3T 2g 
b lT lg 
b lT 2g 
278c 3T 
lu 
250 lT lu 
206 lT lu 
IrCl~~· The electronic absorption spectrum of IrCl~­
is shown in Figure 6. An interpretation of this spectrum 
can be developed from the molecular orbital scheme given 
earlier (Figure 2). The ground state electron configuration 
of IrCl~- is 2t 2g(xy,xz,yz)
5 yielding a 2T2g state. The 
4 2 2 2 ligand field transitions [2t 2g(xy,xz,yz)] ]2eg(z ,x -y ] ' 
are at 360 (s = 300) and 306 nm (s = 1180). Due to the 
presence of one t 2g hole, ligand to metal charge transfer 
bands occur in the visible region of the spectrum. The 
TI~ t 2g transitions are at 590 (s = 410), 487 (s = 3280), 
434 (s = 2560), and 410 nm (s = 2410). The TI to eg 
28 
Figure 6 
























transition is at 232 nm (e: = 21,600). These assignments are 
summarized for clarity in Table 6~ 7 
Table 6. Electronic Spectral Data and Assignments for 
IrCl~-
A (nm) £ ( .t mol -lcm- 12 Transition 
590 410 7T + t2g 
487 3280 7T + t2g 
434 2560 7T + tzg 
410 2410 7T + t2g 
360 300 tzg + eg 
306 1180 t2g + eg 
232 21600 7T + eg 
Photochemistry. Irradiation (254 nm) of a 12 M HCl 
3- - 3 solution of Irc1 6 (6.7 x 10 M) at room temperature 
results in the disappearance of IrCl~- and the appearance of 
IrCl~- (Figure 7). Hydrogen evolution accompanies the form-
2-ation of IrC1 6 , according to Equation 2: 
H+ + 3- A=254nm 2-IrC16 12 M HCl~ IrC16 + 1/2 Hz 
Exhaustively photolyzed solutions were Toepler-pumped for 
2-hydrogen and Irc1 6 was analyzed by spectrophotometric 
methods (Table 7), confirming the stoichiometry above. 
(2) 
The quantum yields for the reaction are extremely sen-
sitive to proton concentration (Table 8). A Stern-Volmer 
31 
Figure 7 
Spectral changes upon irradiation (A=254 rnn) of 5.5 ~ 10-3 M 
3-I rC16 in 12 M HCl 
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Table 7. Analysis of the IrCl~- Photoreaction in 12 M HCl 
(254 nm irradiation) 
IrCl~- (moles) t!z (moles) Ratio 
2-
Hz:IrC16-
1.24 x 10-s 6.93 x 10- 6 0.56 
1. 02 x 10- 5 5.12 x 10- 6 0.50 
Table 8. Quantum Yields for IrCl~- Formation from IrCl~­















plot (Figure 8) of quantum yield versus hydronium ion con-
centration shows the two are directly related. Evidently, 
at high proton activity, the photoprocess resulting in H2 
production is much more efficient, possibly due to proton 
3-as socia t ion with ground state Irc1 6 . Proton concentration 
dependence for photohydrogen production is also seen for 
Fe(CN):- ,52 a case in which the ground state species is 
assumed to exist in a protonated form at low pH. 53 , 54 
34 
Figure 8 










3-The protonation of Irc1 6 has been investigated by 
potentiometric pH titration in aqueous solution. As seen 
from Figure .. 9, there is no evidence for protonation in the 
pH range 1-7 individual points on the titration curve of 
IrCl~- coincided with an analogous blank titration of pure 
water. Pertinent calculations indicate that all three ioni-
zation constants of H3Irc1 6 must be larger than 0.1 in order 
to account for the results obtained. We were not able to 
study the position of the 206 nm hand at higher HCl concen-
trations (1-12 M), owing to the strong absorption of Cl in 
this region. We can only speculate that protonation of 
IrCl~- becomes important at high acid concentrations, there-
by explaining the marked effect on the rate of photoconver-
3- 2-s ion of Irc1 6 to IrC1 6 and H2 . This is consistent with 
4- 3 the results for Fe(CN) 6 (HFe(CN) 6-) mentioned earlier. 
The quantum yields are also highly wavelength dependent 
(Table 9), photoredox behavior being predominantly a high 
Table 9. Wavelerigth-dependent Quantum Yields for IrCl~­
Formation from IrCl~- in 12 M HCl 
Irradiation (nm) ¢ Excitation 
254 0.28 1TL(tlu) -+ a *(e ) M g 
313 10- 4 1TL(tlu) -+ crM*(eg) 
366 ¢ 1T~t (t Zg) -+-a *(e) M g 
420 ¢ 1TM*Ctzg) -+- oM*(eg) 
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Figure 9 
Protonation titration of 100 ml of 1.0 x 10-~ Irc16
3- with 





































energy phenomenon 0- = 2 54 nr.1) . Our identification of the 
nc1 - to eg transitions in the IrCl~- spectrum is particularly 
crucial in the interpretation of this photochemistry. 
1 3 Transitions to the T1u and Tlu states are located at 250 
and 278 nm in the solid state spectrum. Because ultraviolet 
irradiations were carried out at 254 nm, one or both of 
these excited state configurations must be responsible for 
the resultant redox chemistry. Direct excitation to either 
state is possible. The triplet could also be populated by 
1 rapid intersystem crossing from Tiu· Both excited states 
have Ir(II)-Cl· character, corresponding to the configura-
6 2 2 2 1 
ti on 2 t 2g (xy ,xz ,yz) 2eg (z ,x -y ) for Ir: 
. 
[Ir(II) - Cl]* 
3-These excited states of Irc1 6 may return to the ground 
state or react with their immediate environment to yield 
2-I rC16 and a reduced species. Chlorine atoms are not 
released from these excited states, as evidenced by the fact 
that Clz was not observed in flash photolyses studies. 
In strong acid solutions, IrCl~- undoubtedly is in 
equilibrium with HirCl~-, HlrCl~, and possibly H3IrC1 6 . We 
envision the photochemistry as in Figure 11~ (for simplicity 
2-HirC16 is considered the reactive species). This scheme is 
consistent with the variation in quantum yields with proton 
2-acti vi ty. If absorption of light by HirC1 6 resulting in 
hydrogen atom formation is the rate limiting step, the 
40 
Figure 10 
3- 2-Scheme for the Irc16 photoreaction to give Irc16 and H2 
41 
HirCl~- ~ [HirCl~-]*( 3T 1u 1 or Tlu) 
[HirCl~-]* 
ko 
HirCl~- + heat -+ 
[HirCl~-]* 
kl 










Hz + IrCl~-Hz + -+ 
42 
mechanism is also in accord with the observations that the 
reaction rate is first order in IrCl~- and quantum yields 
are independent of light intensity (Table 10). Finally, 
Table 10. 2 3-Quantum Yields for Irc1 6- Production from IrCI 6 





2.30 x 10- 3 4.78 x 10- 7 0.283a 
1.18 x 10- 3 4.78 x 10- 7 0.279a 
6.70 x 10- 3 4.78 x 10- 7 0.280 
6.70 x 10- 3 2.66 x 10- 6 0.276 
a<f> corrected for the fraction of light absorbed 
this scheme · explains Adamson's flash photolysis results, 
because photogenerated hydrogen atoms could reduce N2o. 
Although photoredox chemistry does occur at longer wave-
lengths (A = 313 nm), the quantum yields are extremely small 
(<f> < 10- 4). We interpret this in terms of the small rela-
tive population of the LMCT states upon excitation at lower 
energies. Irradiation into the ligand field bands (A = 366 
or 420 nm) results in aquation rather than oxidation of the 
metal center. 
3-Prolonged photolyses of IrC1 6 resulted in a marked 
decrease in the rate of oxidation, possibly due to competi-


















































































































































































































































































































































































































































































































































































3- 2 coefficients at 254 nm are 958 and 7548 for Irc1 6 and IrC16 
respectively, so secondary photolysis seemed likely. Pre-
2-vious studies on the photochemistry of Irc1 6 had led to con-
44 . d. d h 1 flicting results. Sleight and Hare in icate t at on y 
aquation products are obtained upon photolysis, irrespective 
of reaction conditions. Contrary to these findings, ~oggi, 
4 5 . 
et al., claimed hath aquation and reduction products as a 
result of irradiation, the relative yield varying with both 
wavelength and media. The results of these earlier studies 
are summarized in Table 11. 
It was obvious at this point that investigation of 
IrCl~- under reaction conditions identical with those for 







necessary. Irradiation at ). = 254 nm for 30 minutes in 6 M 
HCl led to the spectral charges shown in Figure 11. If a 




0) had occurred, isoshestic points should ~ave 
appeared at 386, 417, 437, and 518 nm; but, in fact, the 
absorbance only decreased over the entire spectral region 
examined. Because absorbances due to IrC1 5 (H 20) have 
2-ext inc t ion coefficients comparable to IrC1
6 
, whereas those 
of IrCl~- and its aquation products are orders of magnitude 
less, it may be concluded that only redox chemistry resulted 
from irradiation. The reduced species were easily identi-
3-x fiable, as Ir(III) complexes of the type IrClx(H 2o) 6 _x are 
quantitatively oxidized by c1 2 to the corresponding Ir(IV) 
complex without any change in inner sphere structure. On 
45 
Figure 11 
Spectral changes upon irradiation (A=254nm) of 6.7 x 10-4 M 
Irc16

















bubbling Cl 2 through the photolyzed solutions, the spectrum 
returned to that of zero time, indicating the product to be 
3-
IrC16 . 
Irradiations at longer wavelengths led to similar 
results, as may be seen from the quantum yields given in 
Table 13. No evidence for aquation products was obtained in 
2-experiments in which the Irc1 6 concentrations were 6.7 x 
10- 4 M. As was the case for IrCl~-, the rates of reaction 
diminish with time. Neither a correction for interfilter 
























effects nor one for secondary photolysis, however, explains 
the marked decrease in reaction rate. Evidently, prolonged 
photolysis results in steady state concentrations that can-
not be altered by further irradiation. Of the two possible 
oxidation products, c1 2 and o2 , only the former will back 
3- 2-react rapidly with Irc1 6 to form IrC1 6 • Unfortunately, 
2-wi th the exception of c 2o4 , conventional Cl· or c1 2 trapping 
48 
agents cannot survive the reaction medium. While c 2 o~-
2- 3-reacts thermally with IrC1 6 to produce Irc1 6 , there is a 
dramatic rate increase upon irradiation (A > 300 nm) sug-
gesting the presence of chlorine atoms. More informative is 
the fact that irradiated solutions will back react in the 
2-absence of light. The spectra in Figure 12 show Irc1 6 
(6.7 x 10- 4 M) in 6 M HCl prior to photolysis, after 30 
minutes irradiation, and after 30 minutes dark reaction. 
Exposure to light results in a bleaching of the spectrum~ 
cessation of irradiation results in the reappearance of 
IrCl~-, suggesting the presence of c1 2 in the solution. Mass 
spectral measurements did not reveal any c1 2 , but this is not 
surprising because c1 2 is extremely soluble in HCl (over two 
liters of gas per liter of solution). What is more, most of 
3-the c1 2 produced would have been reduced by IrC1 6 . Experi-
ments with H2
18o and HCl gas as the reaction medium showed 
no evidence for 180 2 formation, providing further proof that 
the oxidation product is c1 2 . 
The photochemical behavior of IrCl~- is related to the 
enhanced oxidizing power of [IrCl~-]*. The ground state is 
a strong oxidant (E =0.867 v, varying with the solvent), and 
electronic excitation increases the driving force for reduc-
t i on to I r C 1 i- . I n 6 M HC 1 i t appears that both LMCT and 
ligand field transitions result in photoredox chemistry. At 
first blush these findings seem to conflict with previous 
investigations. However, on closer analysis these conflicts 
49 
Figure 12 
Spectral changes upon irradiation (A>300 rnn) of 6.7 x 10-4 M 
in 6 M HCl (30 minutes) and due to subsequent thennal back 
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disappear, as the reaction conditions are so different. 
Sleight and Hare observed only aquation products from 
2- 2-photolysis of Irc1 6 . However, at their Irc1 6 concentra-
tions (2.0 to 0.5 M), any c1 2 produced would have been 
scavenged immediately, yiel<ling no net redox chemistry. 
Maggi, et~., saw both aquation and redox cheraistry at 
2- 4 lower Irc1 6 concentrations (10- M), the relative import-
ance of the processes being a function of Cl concentration. 
Specifically, photoaquation is the predominant mode in the 
absence of Cl - ; whereas with L 2 M Cl present, the main 
reaction is photoreduction. This is consistent with our 
2- -4 results: at low Irc1 6 concentration (6.7 x 10 M) and 
high Cl concentration (6 M), redox chemistry is the sole 
mode of reaction. 
Because thermal aquations and anations are very slow 
processes, it would seem that a conman intermediate is re-
sponsible for both possible products, with reaction condi-
tions influencing which is obtained. A possible reaction 
mechanism is shown for LMCT excitation in Figure 13. The 
excited state is an Ir(III) complex with a chlorine atom 
2-sti 11 formally bound. Because Irc1 6 is known to undergo 
both inner and outer sphere electron transfer, the latter 
may be invoked in the presence of Cl-. This also explains 
why no Clz is seen upon flash photolysis, as the Ir-Cl bond 
remains intact. 
The photoreactions of IrCl~- at 254 nm are summarized in 
52 
Figure 13 
2- 3-Scheme for Irc16 photoreaction to give Irc16 and C12 
53 
hv 
Irc162- LMCT, [IrIIICls-~1 2 -]* 
" k d 
2Cl ~ Cl 2 
Cl + Cl ~ Clz 
3- 2- -
Clz + IrC16 ~ IrC16 + Clz 
54 
Figure 14. - 2-In 6 M HCl, photolysis of Irc1 6 results in the 
3-formation of Irc1 6 and c1 2. When the concentration of 
IrCl~- becomes large enough for competitive light absorption, 
it undergoes secondary photolysis to yield IrCl~- and H2 , as 
confirmed by mass spectral measurements. In this medium the 
IrCl~-/ 3 - couple is a true photochemical catalyst for proton 
reduction and chloride oxidation. Conpletion of a water 
splitting cycle in this system can be achieved under condi-
tions where chlorine oxidizes water to oxygen. 
Based on our findings, it is clear that the photo-
chemistry of the IrBr~-/ 3 - system shoul<l be studied. The 
charge transfer transitions are considerably red shifted in 
these complexes (Table 14) ~ 7 , 49 suggesting that it might be 
possible to produce hydrogen and bromine from HBr at rela-
tively long excitation wavelengths by a photoredox scheme 




The photoreactions of Irc16
3- and Irc16
2- in 6 M HCl 
56 
2-IrC16 + Cl hv,6M HCl 3- 1 0 = 0 .1 2 8 I r C 1 6 + 2 C 1 z 
I C1 3- + 11 + hv, 6 HCl r 6 0=0.280 I 
2- 1 IrC1
6 
+ - II 2 2 
H+ + Cl- hv,6M HCl 1 H 1 Cl IrCl2-/3-
1 I 2 + 2 · 2 
6 
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Table 14. Electronic Spectral Data and Assignments for 
2-IrBr6 and IrBr~-
Complex A (nm) -1 -1 s (£ • mol cm ) Transition 
2-IrBr6 860 800 
1T -+ t2g 
745 1570 'IT -+ tzg 
700 2350 'IT -+ tzg 
673 2520 1T -+ t2g 
583 3220 1T -+ t2g 
545 1780 'IT -+ t2g 
509 1530 'IT -+ tzg 
318 8000 'IT -+ eg 
270 17,000 1T -+ eg 
3-IrBr6 
597 27 tzg -+ eg 
447 232 t -+ 2g eg 
387 198 tzg -+ eg 
272 12,000 'IT -+ eg 
243 20,000 1T -+ eg 
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Chapter 2 
Photoc~emistry and Structural Determination of 
Molybdenum Aqua Ions 
63 
Abstract: The photochemistry of Mo(III), Mo(IV), and Mo(V) 
in aqueous solution was investigated, and these ions were 
shown to be photochemically inert in a variety of media. 
Since the exact speciation of these complexes in solution was 
not known, a structural characterization via Raman spectros-
copy and X-ray absorption edge and extended X-ray absorption 
fine structure (EXAFS) studies was undertaken. Vibrational 
modes predominately Mo-~1o stretching in character were seen 
1 ?+ at ca. 200 cm- in the Raman spectra of Ho 2o4 (aq)- and 
Na 4Ms 6o8 (EDTA) 3 ·14H 2o. For these two complexes and Cs 2Mo 3o4-
cc2o4) 3(H2o) 3 and Mo 3o4 (aq)
4
+ ring stretching frequencies 
appear in the 700, 400, and 300 cm-l regions of the spectra. 
A molybdenyl vibration was seen at ca. 900 cm-l for Mo 2o4-
(aq) 2+. X-ray absorption edge and EXAFS data were collected 
for Mo(V), Mo(III), and Mo(II) in aqueous acidic solutions; 
Mo(IV) was examined under a variety of conditions including 
varying pH and anion environments. The Mo(II) structure is 
shown to be consistent with a quadruply bound dinuclear 
species. Although electronically capable of multiple metal-
metal bonds, the Mo(III) ion appears to exist as a singly 
bonded species with two hydroxy bridges. Data for the Mo(V) 
aqua ion are typical for oxobridged dinuclear Mo(V) com-
pounds. Evidence for a molybdenyl functionality is also 
seen. Because of the controversy over the nature of Mo(IV), 
a variety of aqueous samples was investigated. In strong 
acid solution, the ion is shown to exist as a trinuclear 
I 
64 
4+ species Mo 3o4 (aq) . As the pH of the medium is increased, 
the Mo-Mo amplitude decreased, indicating possible cluster 
fragmentation. In basic solution, a major structural change 




Photochemistry and Acid Cryoscopy and Raman Studies 
66 
Decomposition of water into Hz and Oz via visible 
photolysis has generated much interest as a means of solar 
energy storage. Since the electronic absorption spectrum 
of water does not overlap the solar spectrum at the surface 
of the earth, transition metal complexes that absorb visible 
radiation have been employed to catalyze the reaction. Un-
fortunately, the formation of water derived radicals often 
imposes high threshold energies and decreases the efficiency 
of the system. This can be avoided, however, if the cat-
alyst and substrate are arranged in appropriate molecular 
structures such as a binuclear coordination compound. As 
depicted in Figure 1, formation of Hz, Oz or HzOz rather 
than radical species is possible due to geometrical 
restraints on excited state configuration. 
In light of the above, an investigation was made of the 
photocatalytic capabilities of molybdenum aquo ions. Pre-
vious work indicated that photolysis of Mo 2 (aq)
4
+ in acidic 
solution yields Mo 2 ( -OII) 2 (aq) 
4
+ and Hz. 1 It was thought 
that either this MoIII dimer or the MoJVor Mo V analogues 
might be capable of oxidizing water to form Oz and a reduced 
metal species. The structures proposed for these ions 
(Figure 2) seem ideal for oxygen production; all three have 
hydroxy or oxo bridges, coordinated waters, and two metal 
centers capable of variable oxidation states in close 
proximity. The electronic absorption spectra show 
transitions in the visible as reported in Table 1, 2 
67 
Figure 1 
Schematic representation of Oz, Hzo 2, and Hz production 
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indicating that low energy light might be used to initiate 
the reaction. 
Unfortunately, photolyses of these ions under various 
conditions proved them to be photochemically inert (Table 2). 
This is reasonable upon structural considerations and exam-
ination of the transitions involved. For all three complexes 
some type of metal-metal bonding has been evoked. This 
coupled with the presence of oxo or hydroxy bridges makes 
fragmentation unlikely. Furthermore the lowest energy trans-
3 itions have been ascribed to being metal localized (cr ~ nn) , 
making redox photochemistry derived from this state not 
probable. Higher energy irradiation is also unlikely to 
yield net photochemistry as transitions are delocalized 
electronically over several centers. 
In view of this lack of photoreactivity, we focused our 
attention on definitive structural characterizations of the 
aqua ions by X-ray absorption edge and extended X-ray absorp-
tion fine structure (EXAFS) analysis. In particular, the 
Mo(IV) aquo ion was of interest as the structure of this ion 
plagued researchers in the past. Work by Ardon and 
Pernick4 ' 5 led to the formulation of a binuclear Mo 2o!+ 
species, but this was disputed by Sykes and coworkers 6 who 
2+ 2+ favored a mononuclear structure MoO or Mo(OH 2) 2 . Initial 
X-ray absorption edge and EXAFS data from our laboratory 
indicated yet another possibility--that the ion existed as a 
trimer. To complement this work, Raman and acid cryoscopy 
72 
Table 1. Spectral Data for Electronic Absorption Bands in 
Mo Aqua Ions 
~ax(nm) e:(R.mol-
1cm- 1) 
Mo 2 (µ-0H) 2 (aq) 
4+ 360 306 
572 39 
624 43 
Mo 3o4 (aq) 
4+ 505 60 
(acidic solution) 
Mo(IV) (aq) 575 80 
(basic solution 
Mo 2o4 (aq) 




Table 2. Reaction conditions for photolyses of Mo(V), Mo(IV) 
and Mo (I I I) aquo ions. 
Wavelength 
Aquo Ion Medium Irradiation Result 
Mo(V) 1-3 M HCl broad band no reaction 
Mo (IV) 1-3 M HCl broad band no reaction 
1-3 M HMS broad band no reaction 
pH .5-2 HCl broad band no reaction 
pH .5-2 HMS broad band no reaction 
5 M Na OH broad band no reaction 
Mo(III) 1-3 M HCl broad band no reaction 
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studies were made in pursuit of the elusive nature of Mo(IV) 
in aqueous solution. These are described herein. 
Experimental 
Aqueous Mo(IV) was prepared by the method of Ardon and 
Pernick. 4 A Beer's Law study (Figure 3) of this ion indi-
cated that only a single species was existent in solution. 
Aqueous Mo(V) was prepared by reduction over mercury. 7 The 
8 9 compounds Na 4Mo 6o8 (EDTA) 3 ·14H2o and cs 2Mo 3o4 cc 2o4) 3 CH 2o) 3 
were prepared by literature methods. 
Ion and cryoscopy experiments, Mo(IV) was concentrated 
on a Dowex SO XZ cation-exchange column followed by elution 
in 5.1 M aqueous trifluoroacetic acid. At this concentra-
tion the acid has a eutectic freezing point of -22.465 ~ 
.005°C. Using a copper constantin thermocouple and a digital 
microvolt voltmeter, this temperature corresponds to a 
reading of 78.1 ~ 5.2 µv. Standard calibration curves were 
made using zn 2+ and Fe 2+ as solutes. The freezing point of 
each solution was measured ten times by the procedure in 
Reference 10, yielding average values good to : 6 µv. 
Aerated aqueous solutions of Na 4Mo 6o8 (EDTA) 3 ·14H2o and 
Cs 2Mo 3o4 cc 2o4) 3 (H 2o) 3 and 3 M HCl solutions of the Mo(IV) 
and Mo(V) aqua ions were used for Raman studies. A Spex 
14018 double monochromator with 2400 lines/mm holographic 
+ gratings in conjunction with a spectrophysics 170 Ar ion 
laser were used to record the Raman data. Detection was by 
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Figure 3 





in 3M HMS 
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standard photon counting techniques using associated Spex 
electronics and a Spex SCAMP SC-30 data processor. 
9 4+ The 5145 A excitation line was used for Mo 3o4 (aq) and 
0 
Cs 2Mo 3o4 cc 2o4) 3 CH 2o) 3 data collection, the 4545 A excitation 
2+ line for Mo 2o4 (aq) and Na4Mo 6o8 (EDTA) 3·14H 2o. Spectra 
0 
obtained using the 4545 A excitation line were complicated 
by numerous plasma lines, a spectrum of which has been in-
eluded (Figure 4) for clarity. All frequency measurements 
were calibrated by using the emission spectrum of CC1 4 . 
The electronic spectroscopic data were recorded on a 
Cary 17 spectrophotometer. 
Results and Discussion 
Acid Cryoscopy. The degree of polymerization of transi-
tion metal ions and other species which are stable only in 
acidic solutions may be determined by acid cryoscopy. 11 This 
method was employed by Ardon, et al., 12 in a study of Mo(IV) 
in aqueous acidic solution. Average molal freezing-point 
depression constants nearly one-half of the calculated were 
obtained, thus leading to formulation of a dimeric species. 
Because our EXAFS results indicated a trimeric structure, 
we reinvestigated the acid cryoscopic study above to see if 
evidence for our formulation might be gleaned. Unfortunately, 
the data obtained do not permit absolute characterization of 
the system due to large errors in measurements. This may 
best be understood by examination of the standard calibration 
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Figure 4 
The Raman spectrum of plasma lines obtained 








curve given in Figure 5 for zn 2+/5.l M HTFA. While discrimi-
nation can be made between a mononuclear and polynuclear 
species, the numbers obtained do not permit analysis as to 
the degree of polymerization. For example, if a solution 
.1 M in Mo(IV) (the maximum concentration preparable) were 
analyzed, values of 45.0 ± 5.3, 53.2 ~ 7.2, and 65.3 ~ 6.1 
uv readings should be obtained if the complex exists as a 
monomer, dimer, or a trimer, respectively. Typical values 
for Mo(IV) solutions at this concentration were in the 
51-67 uv region. Although one may conclude with surety that 
some polymerization is existent, the error limits preclude 
evidence as to the degree. 13 
Raman Spectroscopy. In a further attempt to obtain 
4+ spectral evidence for the trimeric structure of Mo 3o4 (aq) , 
the low frequency Raman spectrum was examined. The symmetry 
of the proposed species is c3v, thus two Mo-Mo stretches of 
a 1 and e symmetries are expected. From previous investiga-
tions on complexes containing metal-metal bonds, µ(Mo-Mo) is 
expected to appear in the 250-100 cm-l region. 14115 Similar 
spectra are anticipated for Cs
2









o complexes, while only one (Mo-Mo) stretch 
should appear for the dimer Mo 2o4 (aq)
2+ due to the lower 
symmetry (~., c2v). 
The Raman spectra are given in Figures 6-9 and Table 3. 
Using the 5145 K excitation line of the Ar+ laser, no bands 
-1 4+ were observed below 340 cm for Mo 3o4 (aq) or Cs 2Mo 3o4-
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Figure 5 



















































































Table 3. Molybdenum-oxygen Terminal and Bridge Vibrational 
Modes 
CszM0304CCz04)3CHz0)3 353 481 521 736 786 907 
Mo 3o4 (aq)
4+ 381 488 528 735 791 
Na4Mo608(EDTA)3·14Hz0 194 348 445 516 722 781 
Mo 2o4 (aq) 





























































































































































































































































































































































Table S. Molybdenum-oxygen Terminal and Bridge Vibrational 
Compound Isotope IR Spectrum 
v (Mo=O) (cm - l) v(Mo0 2Mo) 
(cm - l) 
Mo 2o4 cs 2PPr 2) 2 160 980vs 732s 
96lm 714w 
47Sm 
180 934vs 701s 
913m 454m 
[932,914]a [696,679,452]a 
Moz04CSzCNETz)z 160 973vs 730s 
956s 709w 
477m 




aCalculated values for 180 vibration 
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cc 2o4) 3 CH 2o) 3 . This is probably a result of the cut-off 
limit due to Raleigh scattering of this intense laser line. 
0 
On 4545 A excitation, however, the Raman spectra of Na 4Mo 6o8-
2+ 1 (EDTA) 3 ·14H 2o and Mo 2o4 (aq) show peaks at 194 and 200 cm- , 
respectively. These peaks can be assigned to vibrational 
modes predominantly symmetric Mo-Mo stretching in character, 
although there is undoubtedly some oxygen bridge interac-
tion.14 While it is surprising that no band ascribable to 
an e mode is evidenced in the spectrum of Na 4Mo 6o8 (EDTA) 3 , 
these bands are often weak and difficult to discern. 
The remainder of bands given in Table 3 may be assigned 
to molybdenum~oxygen terminal and bridging modes by com-
parison with the assignments given by Von Mattes and Lux16 
for Mo 2o4 fluoro compounds (Table 4) and Newton and 
McDonald's 17 IR study of Mo 2o2x2 (LL) 2 compounds (Table 5). 
Both authors assign molybdenyl frequencies in the 900 cm-l 
region and Mo
2
o2 at somewhat lower energies, 700-400 cm-
1 . 
In our study (Table 3), Mo 2o4 (aq)
2
+ with two Mo= 0 groups 
exhibits a peak at 981 cm- 1 , consistent with a molybdenyl 
assignment, whereas the 907 band for Cs 2Mo 3o4 cc 2o4) 3 CH 20) 3 
is due to an oxalate localized vibration. 18 Ring stretching 
frequencies appear in the 700, 400, and 300 cm-l regions of 
the spectra. Using the 4545 A excitation line, another 
feature was found at approximately 200 cm-l for the Mo 2o4-




o8 (EDTA) 3 ·14H2o compounds, which again are 
most likely ascribed to ring stretching modes. 
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Figure 10 









































































The Na4Mo608(EDTA3·14Hz0 and CszM0304CCz04)3CHz0)3 
compounds exhibit c3v symmetry in the crystalline state. 
Thus, both a1 and e modes should be both IR and Raman 
allowed. The IR spectrum for cs 2Mo 3 cc 2o4) 3 (H 2o) 3 (Figure 10) 
shows a band at 350 as compared with 353 for the Raman. 
Similarly, the IR spectrum for Na4Mo 6o8 (EDTA) 3 ·14H 2o 
(Figure 11) shows a band at 355 as compared with 348 for the 
Raman. It seems likely that this band can be attributed to 
either an a or e mode for both complexes. 
While no conclusive structural evidence for the trimeric 
nature of Mo 3o4 (aq)
4
+ was gained, the infrared and Raman 
study was informative for location of the v(Mo-Mo) at 
-200 cm- 1 , a mutually allowed vibration at -350 cm- 1 , and 
observed similarities between these compounds and other 
bridging oxygen systems. 
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Introduction 
Molybdenum compounds play an important role in both 
biological and industrial catalysis, 1 owing in part to their 
rich oxidation-reduction chemistry in aqueous solution. 2 It 
is now well established that all oxidation levels between 
II and VI are represented by stable species in the aqueous 
chemistry of molybdenum, 2- 27 although in certain cases the 
structures of these species are not known. Our recent 
interest in this area has centered on the structure of the 
red species that is present in acidic aqueous solutions of 
Mo(IV)~- 7 ,zs Several different proposals have been put 
forward in regards the structure of this species, but it 
appears from the elegant study by Murmann7 that a trinuclear 
formation is correct. 
We have now completed extensive investigation of the 
X-ray absorption edge and EXAFS spectra of aqueous Mo(IV) 
solutions with variations in pH and added anions. We have 
also examined the edge and EXAFS spectra of aqueous solutions 
containing Mo(II), Mo(III), and Mo(V). The results and 
principal structural conclusions drawn from these studies 
are reported herein. 
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Experimental Section 
Sample Preparation and Characterization 
Aqueous Mo(II) was prepared in trifluoromethanesulfonic 
acid by the method of Bowen and Taube. 26 The Mo(III) samples 
were prepared in 3 M methanesulfonic acid using a Jones 
27 reductor and purified by column chromatography. Mo(IV) in 
4 M methanesulfonic acid was prepared by the method of Ardon 
and Pernick, 6 and lower acid concentrations were achieved by 
addition of solid NaOH, Solid NaCl or NaBr was added to the 
4 M sample until saturation for the anion experiments. 
Finally, aqueous Mo(V) was prepared by reduction over 
28 
mercury. All of the samples were characterized by optical 
absorption spectroscopy, and oxidation states were verified 
by eerie ion titration. 
Data Collection 
The solutions were loaded into lucite cuvettes with 1 
mm thick luci te wi.ndows and S or 10 mm path lengths. The 
air-sensitive Mo(II) and Mo(III) samples were stored over 
zinc amalgam and loaded into the cuvettes in an anaerobic 
glove box just prior to data collection. Spectra were 
recorded at the Stanford Synchrotron Radiation Laboratory. 
Data Analysis 
The spectra were calibrated using the Mo foil edge 
inflection as 20003.9 eV, and the EXAFS was processed using 
standard procedures of pre-edge subtraction, spline removal, 
and Fourier filtering.29 The curve-fitting analysis of the 
104 
EXAFS data depends upon the assumption of phase shift and 
amplitude transferability between compounds of similar 
29-30 2-chemical structure. The molybdate ion Mo04 was used as 
the standard for Mo-0 interactions, while the compound 
31 
K2 [Mo 3o4 (ox) 3 CH 20) 3 ] was used for Mo-Mo functions. 
32 33 K3MoC1 6 and (NH 4)Mo0Br 4·H20 were used for the Mo-Cl and 
Mo-Br functions. 
The curve-fitting program simulated 
.. 2cr 2k 2 
N A (k)e 5 
Ck) 1 2: s s X - 1< s --R__,,2..----
s 
the EXAFS as: 
where k is the photoelectron wave number, Rs is the distance 
of a group of Ns scatterers to molybdenum, crs is the mean 
deviation of Rs' and as(k) is the total phase shift. The 
amplitude function A depends not only on the electron-atom s 
backscattering amplitude for the particular scattering atom, 
but also on the properties of the particular X-ray absorbing 
. 3~ species. 
Definition of A (k) for a given Mo-X pair requires s 
knowledge of the appropriate Debye-Waller factor for a 
simple standard compound. For the Mo-0 amplitude we used 
9 2 -the a of 0.0411 A for Mo04 calculated from the vibrational 
35 
spectrum. The Mo-Mo amplitude was calibrated· by using the 
Mo-Mo stretching frequency of aqueous Mo(II) of 355.7 
-1 36 37 
cm , and the formula: 
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I 
h hew ll/Z 
crvib = 2 coth 1KT Bn µcw 
where µ is the reduced mass, and v is the vibrational fre-
quency in wave numbers, which yields . a cr of 0.0377 X. Since 
all of the calculated Debye-Waller factors were obtained 
through differences with respect to these standards, they 
should be recalculated in the future if more accurate values 
for MoO~- and Mo(II)-Mo(II) become available. 
The particular functional forms and parameters used for 
phase shifts and amplitudes are summarized in Table 1. 
Furthermore, a comparison of our amplitudes with theoretical 
backscattering amplitudes 38 is given in Figure 1. Since it 
is possible that the Fourier filtering and fitting pro-
cedure eliminated some of the low k structure in the Mo-Mo 
amplitude and phase shift, the fits were always begun at 
k = 6 A- 1 . 
Results and Discussion 
The aqueous molybdenum samples yielded a remarkable 
diversity of edge and EXAFS spectra, which reflect the pro-
found electronic and atomic rearrangements that occur upon 
redox changes. The edge data (Figure 2) are treated first, 
then the general EXAFS Fourier transform results (Figure 3). 
Finally, the results of a curve-fitting analysis (Figure 4) 
of the EXAFS data for each particular oxidation state are 
presented. 
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Table 1. Fourier transform analysis: 
Calculated Calculated 
Sample Distance (A) Neighbor Number 
(Mo304CC204)3CHz0)3) 
2+ 2.49b 2b 
Mo(V) (aq) 2.51 0.89 
Mo(IV) (aq) 2.48 2.0 
Mo (IV) (aq) + Cl 2.48 2.1 
Mo(IV) (aq) + Br 2.48 2.0 
Mo(IV) (aq) pH 1. 6 2.49 1. 8 
Mo (IV) (aq) pH 1. 8 2.46 1. 6 
Mo (IV) (aq) SM Na OH 2.51 1. 5 
Mo (I I I) (aq) 2. 46 0.75 
Mo (I I) (aq) 2.17 0.79 
aused as standard 
btransform range: 4-15 A- 1 , k 3 weighting 
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Figure 1 
A comparison of theoretical and experimental amplitudes 




































































































































































The absorption edge region for aqueous Mo(II), Mo(III), 
Mo(IV) and Mo(V). The spectra were scaled to yield the same 
amplitude at 20200 eV. Therefore, the differences in peak 
heights near the edge are significant. 
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Fourier-filtered EXAFS (solid line) and best fits (dashed 
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Edges 
The edge region can provide useful information about 
the electronic structure of the X-ray absorbing atom. 39 
Because of lifetime broadening, molybdenum K edges have a 
40 natural linewidth of about 6 eV, about equal to the 
spectrometer resolution, and one therefore does not observe 
the sharp structure associated with the edges of lower Z 
elements. Nevertheless, it is clear that the edges move 
progressively to higher energy as. the oxidation state is 
raised. The biggest shift is between Mo(II) and Mo(III), 
and subsequent shifts are progressively smaller. If one 
accepts the edge position as a semi-quantitative indicator 
of the charge on the X-ray absorbing atom, then these data 
indicate an increasing amount of covalency as the formal 
oxidation state is raised. Finally, the Mo(V) sample has a 
low energy shoulder in its spectrum which is a character-
istic feature of terminal oxo groups. 39,41 
EXAFS Fourier Transforms 
Fourier transformation of the EXAFS data yields a 
pattern which is qualitatively similar to a radial distri-
b . f . 42 ut1on unction. The transforms for all samples are 
dominated by a peak corresponding to the Mo-Mo interaction. 
A quantitative analysis of peak heights and positions 
26-31 (Table 2), using the cluster {Mo 3o4 (ox) 3 (H 2o) 3] as a 
standard, suggests presence of a single Mo-Mo interaction 

































































































































































































































































































































































































































































































































































































interactions (per Mo) in Mo(IV). Furthermore, the Mo(II)-
Mo(II) distance is significantly shorter than that found 
in the other oxidation states. 
At distances shorter than the Mo-Mo bond lengths, the 
transforms of the Mo(III), Mo(IV), and Mo(V) EXAFS contain 
features due to Mo-0 interactions. Relative to the Mo-Mo 
peak, these features are strongest for Mo(III), somewhat 
weaker for Mo(V) and smaller yet for Mo(IV). The conse-
quence of this is evident in the curve-fitting analyses 
described below, where inclusion of Mo-0 components signifi-
cantly improves the fits for Mo(III) and Mo(V), but is less 
important for Mo(IV) and Mo(II). Because of the artifacts 
which can arise from peak overlap and truncation effects, a 
quantitative analysis of the Mo-0 region was not attempted 
on the transforms themselves. 
Curve Fitting 
The curve fitting results of this investigation are 
summarized in Figure 5. The optimization procedure refined 
two variables per shell, one being the Mo-X distance and the 
other being either the scatterer number or the Mo-X Debye-
Waller factor. In the fits using integral scatterer numbers 
we have used a number of ligands consistent with the known 
chemistry for that Mo oxidation state. 
Mo(II) - An excellent fit was obtained with a single 
0 
Mo-Mo interaction at 2.12 A, and a slight improvement 
0 
resulted from adding a Mo-0 component at 2.13 A. The short 
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Figure S 
Schematic representation of curve-fitting results for 
various oxidation states. 
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AQUO Mo CORE STRUCTURES 
12() 
Mo-Mo distance is consistent with a quadruply bound di-
nuclear species. This Mo-Mo bond length is similar to the 
0 43 44 2.11 A value found for Mo 2 co 2ccH 3) 4 and K4Mo 2 (so4) 4 ·2H 2o. 
The predicted Mo-0 distance of 2.13 A is reasonable, and 
the large Debye-Waller factor probably indicates a rela-
tively disordered coordination of water to this dinuclear 
species. 
Mo(III) Useful data were restricted to a maximum of 
k = 14 A- 1 . A good fit required not only a Mo-Mo component 
at 2.54 A, but two different Mo-0 components at 2.06 and 
2.23 A. The Mo-Mo distance is considerably longer than the 
2.43 ~bond length in KMo 2 (0H) 2 (ac)(EDTA).
45 
Thus, although 
Mo(III) is electronically capable of metal-metal triple 
bonding, it does not appear to have used multiple bonding in 
this aquo ion. The 2.06 A Mo-0 component is most reasonably 
assigned to bridging oxygens, and comparison with typical 
0 
oxo bridge bond lengths (1.92 A) suggests that protonation 
to form a hydroxide bridge has occurred. Finally, the 
longer Mo-0 component is ascribable to a Mo-H 2o distance. 
In all other aqua species examined, Mo-H 2o interactions 
made negligible contributions to the EXAFS. The· fact that 
water of salvation is seen in this case might be due to the 
relative substitutional inertness of d3 Mo(III). 
Mo(V) - Again, three components were required for a 
good fit. A 2.56 A Mo-Mo distanc~ was found, as well as 
0 
1.92 and 1.67 A Mo-0 distances. The Mo~Mo distance found 
121 
for the aquo ion is typical for oxo bridged dinuclear Mo(V) 
4 6 <? compounds. Similarly, the Mo-0 distances of 1.92 A and 
0 
1.67 A are normal for bridging and terminal oxo's respec-
tively. The amplitudes are all consistent with a dinuclear 
Mo 2o4 structure which has now been observed in a large __ 
number of Mo(V) compounds. 
Mo(IV) - Because of controversy over the nature of this 
species, a variety of aqueous Mo(IV) samples was investi-
gated. For the 4 M methanesulfonic acid sample, the calcu-
0 
lations gave 2.0 Mo at 2,49 A, an amplitude roughly twice as 
large as that found for Mo(II) and Mo(V). Further improve-
ment was had by using Mo-0 components at 1.88 and 2.04 X, 
but the effect of these additions was small compared to their 
contribution to the Mo(III) and Mo(V) fits. 
0 
Although the 2.49 A Mo-Mo distance was originally 
compared 3 to dinuclear species such as Moo2 
47 and 
M 0 ( · ) 48 · · 1 1 h M M d. o2 2 1-pro 4 , 1t 1s a so very c ose to t e o- o 1s-
tances found in recently discovered trinuclear clusters 
Mo 3o4 (ox) 3 CH 2o) 3]
2- (2.49 A) 31 and Mo 3o4 (EDTA)
2- (2.50 A). 49 
Thus, the Mo-Mo distance is of no value in determining the 
' 
core structure. In the original work on aquo Mo(IV) a Mo-Mo 
amplitude of 1.5 was reported. However, reinspection of 
earlier results30 showed a consistent tendency to under-
estimate oxo-bridged Mo amplitudes by about 20%. Use of the 
2-new Mo-Mo functions based on [Mo 3o4 (ox) 3 (H 2) 3] yielded a 
Mo-Mo amplitude very close to 2, In fact, visual comparison 
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Figure 6 
EXAFS Fourier transforms for some Ho(IV) samples. Top to 
bottom: SM NaOH; pH 1.8; pH 1.6, 4M HMSF + NaCl; 4M PMSF; 
































EXAFS data for some Mo(IV) samples. Top to bottom: 
Kz(Mo304(0X)3CHz0)3), Mo(IV)-4M HMSF, Mo(IV)-4M HMSF +NaCl, 




of the solid state and solution data shows that the spectra 
are nearly identical (Figures 6 and 7). In 4 M methane-
sulfonic acid therefore, Mo(IV) undoubtedly exists pre-
dominantly as a trinuclear species. 
It is also useful to compare the calculated Mo-0 dis-
tance of aquo Mo(IV) with the values obtained for 
K2Mo 3o4 (ox) 3 CH 20) 3 . In the cesium salt of the latter com-
pound each molybdenum is connected to two bridging oxygens 
with an average distance of 1.921 A, and the EXAFS fit gave 
0 • 
1.91 A for the same distance. However, the trimer also 
has a capping oxygen at 2.019 A, two oxalate oxygens per 
molybdenum at 2.091 A, and a single water oxygen at 2.154 A. 
For this second shell of oxygens the fit gave a 2.05 A 
0 
distance with a deviation of 0.09 A, as opposed to the true 
mean of 2.09 A. Thus, in interpreting the aquo Mo(IV) fits, · 
0 
it appears reasonable to assign the 1.88 A Mo-0 component to 
0 
doubly briding oxygens, and the 2.04 A component to a 
weighted average of triply bridging oxygen and water of 
salvation. A similar conclusion as to the nature of Mo(IV) 
(aq) was reached recently by Murmann, 7 who demonstrated 
the trinuclear nature of this ion by isotope exchange 
experiments with (~o 3o 4 (NCS) 9 ) 5 -. 
As the pH of the medium was increased, the Mo-Mo 
amplitude decreased. The same phenomenon was observed in 
the Fourier transforms (Figure 3 and Table 2). This 
amplitude decrease could have two different origins, either 
127 
a partial conversion of a trinuclear structure to a bi- or 
mononuclear one, and/or an increase in the appropriate 
Debye-Waller factor. 
The largest changes observed were for Mo(IV) in basic 
solution. Both Fourier transform and curve-fitting analysis 
yielded a Mo-Mo amplitude of 1.5, as opposed to 2.0 for a 
symmetric trinuclear species. The best fit predicted a Mo-
Mo distance of 2.545 A, and Mo-0 components at 1.96 and 
0 
2.10 A. Clearly, a major structural change has occurred in 
basic solution, and one possibility would be some type of 
trinuclear ion in which a central Mo is oxo-bridged to two 
Mo neighbors. The stages between strong acid and strong 
base may represent intermediates in the breakup of the 
original triangular trimer. 
Finally, the effects of the presence of halide ions on 
the spectrum were investigated by saturating the 4 M HMS 
Mo(IV) solutions with NaCl or NaBr (Figure 7). The chloride 
0 
data could accommodate a Mo-Cl distance of 2.48 A. However; 
no new peaks occurred in the Fourier transform, and an 
alternative explanation for the data would .be a correlation 
with the Mo-Mo component. Because the Mo-Mo and Mo-Cl 
phase shifts are similar modulo 2, a better test was had 
with the Br ion. Again, no new peaks were observed in the 
Fourier transform, and the data were virtually identical to 
the original methanesulfonic acid sample, 
128 
Summary 
This study has shown X-ray absorption spectroscopy to 
be a valuable tool for the elucidation of ionic structure 
in solution. Characterization of metal-ligand and metal-
metal distances was straightforward with experimental 
0 
phase shifts, and accuracy on the order of ± 0.012 A is to 
be expected. This accuracy is less when unresolved EXAFS 
components have markedly different Debye-Waller factors. 
Determination of coordination numbers and Debye-Waller 
factors, however, is complicated by _the close correlation 
between these two quantities. Despite these difficulties, 
the calculated Debye-Waller factors for Mo-0 and Mo-Mo 
interactions show reasonable systematic trends. For example, 
trinuclear Mo(IV) was shown to have the most rigid Mo-Mo 
distance (a = 0.031 X, followed by axe-bridged Mo(V) 
0 0 
(0.037 A), quadruply-bound Mo(II) (0.038 A), and hydroxo· 
0 
bridged Mo(III) (0.044 A). Trends in the mean deviations 
of Mo-0 distances were also as expected. The capacity for . 
calculating Debye-Waller factors from experimental amplitude 
functions is clearly a significant improvement for EXAFS 
analysis. 
The structural results are consistent with the known 
chemistry of molybdenum. Binuclear species dominate the 
aqueous chemistry of Mo(II), Mo(III), and Mo(V), ~hereas 
Mo(IV) in strong acid appears to be trinuclear. Some evi-
dence for a lowering of symmetry in the latter species was observed at 
129 
higher pH values, but no clear evidence for halide coordina-
tion could be seen in strong acid solution. We expect that 
both the structural information and the improvements in 
analysis techniques obtained in this study should be useful 
for characterization of molybdenum in materials such as 
supported catalysts and amorphous materials. 
Acknowledgment. Research at California Institute of Tech-
nology was supported by the National Science Foundation. 
References 
1. Ardon, M.; Pernick, A. J. Less Common Met. 1977, 54 233 . 
....... ......,..._ ....... -
2 . Ch a 1 i 1 po y i 1 , P . ; Anson , F • C . In or g . Ch em . 19 7 8 1 7 2 4 18 • .... ....., ....... -
3. Haight, G. P.; Sager, W. F. J. Am. Chem. Soc. 1952 74 
,,,........, ....... ,,.,,,,-
6056. 
4. Haight, G. P. J. Inorg. Nucl. Chem. ~~~~ ~' 673. 
5. Bergh, A. A.; Haight, G. P. Inorg. Chem. 1962 1 688. 
6. Ardon, M.; Pernick, A. J. Am. Chem. Soc. 1973 95 6871. 
7. Murmann, R. K. J. Am. Chem. Soc. 1980 102 3984 . ................ --
8. Krumenacher, L.; Bye, R. J. Bull. Soc. Chim. Fr. 1968 
3099 3103. 
9. Ojo, J. Folorunso; Taylor, R. S.; Sykes, A.G. J. Chem. 
Soc. Dalton Trans. 1975 500. 
10. Aveston, J.; Anacher, E.W.; Johnson, J. S. Inorg. Chem. 
1964 3 755. 
11. Simon, J.P.; Souchay, P. Bull. Soc. Chem. Fr. 1956 1402. 
130 
12. Lamache-Duharneaux, M. Rea. Chim. Minek. 12§§ ~ 1001. 
13. Viossat, B.; Lamache, M. Bull. Soc. Chim. Fr. 1212 1570. 
14. Cotton, F. A.; Wilkinson, G. "Advanced Inorganic Chem-
istry", 3rd ed., Interscience: New York, 1972; pp. 944-
972. 
15. Cotton, R.; Rose, G. Aust. J. Chem. t2§~ ±_!_ 1883. 
16. Jezowska-Trzebiatowska, B.; Rudolph, M. Roes. Chern. 1967 
41 453. 
Bowen, A. R. ; Taube, H. J. Am. Chem. Soc. 12Z1 93 3287. 
Bowen, A. R. ; Taube, H. Inorg. Chem. 12Z~ 13 2245. 
Someya, K. z. Anorg. Allegem. Chem. 12.?~ 175 349. 
Hartman, H. ; Schmidt, H. J. z. Phys. Chem. (Frankfurt 
am Main) 12§Z 11 234. 
22. Forster, F.; Fricke, E. Angew Chem.!2.?2 ~ 458. 
23. Wandlaw, W.; Worrnwell, R. L. J. Chem. Soc. !2~Z 1087. 
24. Ardon, M.; Pernick, A. Inorg. Chem. !2Z~ .!l 2275. 
25. Cramer, S. P.; Gray, H.B.; Dori, Z.; Bina, A. J. Arn. 
Chem. Soc. 1212 101 2770. 
26. Bowen, A. R.; Taube, H. Inorg. Chem.!2Z~ .!l 2245. 
27. Pernick, A.; Ph.D. Thesis, Heb. U. of Jerusalem 1974. 
28. Kolthoff, I. M. Vol. Analysis !2~Z 3 92. 
29. Cramer, S. P.; Hodgson, K. O. Prag. Inorg. Chern. 
1979 25 1. 
30. Cramer, S. P.; Hodgson, K. O.; Stiefel, E. I.; Newton, 
W. E. J. Arn. Chern. Soc. 1978 100 2748 • ....,.....,...,,...._.,. --
131 
31. Bino, A.; Cotton, F. A.; Dori, Z. J. Am. Chem. Soc. 
1978 100 5252. 
32. Anilius, Z.; van Laar, B.; Rietveld, H. M. Acta Crys. 
1969 B25 400. 
33. Scane, J. G. Acta Crvs. 1967 23 85. 
34. Lee, P.A.; Beni, G. Phys. Rev. 1977 BlS 2862. 
35. Muller, A.; Nagarajan, G. Z. Naturforschg. ~~~~ 2lb 508. 
36. Clark, R. J. H.; Franks, M. L. J. C. S. Chem. Comm. 1974 
316. 
37. James, R. W. Z. Phys. !~~~ ~ 737. 
38. Teo, B. K.; Lee, P. A. J. Arn. Chern. Soc. 1979 101 2815. 
39. Kutzler, F. W.; Natoli, C.R.; Miesrner, D. K.; Doniach, 
S.; Hodgson, K. 0. J. Chem. Phys. 
40. Krause, M. O.; Oliver, J. H.J. Phys. Chem. Ref. Data 
1979 8 329. 
41. Cramer, S. P.; Hodgson, K. O.; Gillum, W. O.; Mortensen, 
L. E. J. Arn. Chem. Soc. 1978 100 3398. 
42. Sayers, D. E.; Stern, E. A.; Lytle, F. W. Phys. Rev. 
Lett. 1971 27 1204. 
43. Lawton, D.; Mason, R. J. Am. Chern. Soc. 1965 87 921 . 
......... f/JIW ..... -
44. Angell, C. L.; Cotton, F. A.; Frenz, B. A.; Webb, T. R. 
J. Chem. Commun. 1973 339. 
45. Kreale, G. G.; Geddes, A. J.; Sasaki, Y.; Shibahara, T.; 
Sykes, A. G. J. C. S. Chem. Comm. 1975 356. 
46. Stiefel, E. I. Prag. Inorg. Chern. 1976 22 1. 
47. Brandt, B. G.; Skapslci Acta Chern. Scand. 1967 21 661. 
132 
48. Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Riechert, 
W. W. Inorg. Chem. 1978 17 2944. 
~~~~ --




Photochemical Hydroformylation Using 
Trirutheniumdodecacarbonyl as a 
Homogeneous and a Heterogeneous Catalyst 
134 
Abstract: Ru 3 (C0) 12 reacts photochemically in the presence 
of olefins, CO, and H2 to catalyze the hydroformylation 
reaction. Typical yields are 1.5 x 10- 3 moles of aldehydes 
in a 2:1 linear to branched chain ratio. A heterogeneous 
catalyst can also be effected by photoinduced fragmentation 
of the cluster in the presence of polyvinyl-4-pyridine. 
Attachraent of a Ru-CO moiety was confirmed by IR and ele-
mental analysis. The first step in catalyst activation was 
shown to be formation of Ru(C0) 4 olefin with a quantum yield 
of 0.03 for 1-pentene. Subsequent steps involved formation 
of a hydride-olefin complex, rearrangement to a hydride-
alkyl, "CO insertion," and reductive elimination of an alde-
hyde. Olefin isomerization and alkane production are also 
seen under reaction conditions. Formation of larger ruthen-
ium carbonyl clusters led to catalyst deactivation. Photoly-
sis of Ru 3(C0) 12 in the presence of H2 led to the formation 
of £-H 4Ru 4 (C0) 12 . This molecule can also effect catalysis 
of the hydroformylation reaction, although yields are an 
order of magnitude less than for the parent cluster. 
Photolysis of Ru 3 (C0) 12 in the presence of various sub-
strates showed formation of Ru(C0) 4L as the initial product. 
No spectroscopic evidence for an intermediate substituted 
cluster is seen. This can be ascribed to the electronic 
excited state being a cr ~ cr* (metal-metal bonding to metal-
metal antibonding) transition. Population of this state 
should lead to metal-netal bond cleavage and fragmentation. 
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Since its discovery in 1938, 1 the oxo reaction has 
become a major industrial process resulting in the produc-
tion of over five billion pounds of chemicals in 1969. 2 
The reaction is so named as it yields oxygenated products 
from hydrocarbons: the elements of formaldehyde (H-CHO) are 
added across the double bond of an olefin. Catalysis has 
been affected by a variety of metal carbonyls and other 
1 h b 1 3 h d. 4 . 4 d 5 comp exes, sue as co a t, r o 1um, iron, an manganese 
carbonyls, bis(triphenylphosphine)ruthenium(II), 6 bis(tri-
phenylphosphine)rhodium(I)7'8 and hydridocarbonyltris(tri-
phenylphosphine)rhodium(I).9'10 Schematically, the reaction 
may be represented as in equation (1) 
RCH=CHR + co + Hz catalyst, RCHzCHzCHO + RCH(CHO)CH3 (1) 
The primary and especially the secondary reaction products 
(aldehydes and alcohols, respectively) have invaluable 
industrial applications. 11 The lion's share of production 
capacity is directed toward the synthesis of c8 , c10 , and 
cl3 alcohols important to plasticizers, lubricants, and 
detergents. 12 The formation of long chain monoaldehydes 13 
and dialdehydes 14 also have extensive industrial applica-
tions. Thus, the process is both commercially important 
and academically interesting. 
The raw materials for the reaction are readily and 
economically available, 15 , 16 however, reaction conditions 
are severe (100°-200°C, 200-400 atmospheres). If it were 
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possible to generate active catalysts at lower temperatures 
and pressures, considerable savings in valuable fuel sources 
could be effected. Realizations of this sort could be made 
by the development of efficient photochemically induced 
catalysts bound to a polymeric support. Harnessing solar 
energy has obvious economic benefits, and "heterogenizing" 
homogeneous catalysts optimizes the best features of the 
homogeneous species ~., increased selectivity, mild 
reaction conditions, well defined active sites, and variable 
steric and electronic control at the metal site) 17 while 
eliminating the undesirable aspects (~., reactor corro-
sion, difficulty of product separation, and catalyst de-
struction pathways).18 In addition further benefits might be 
derived from increases in substrate size selectivity, 19 
catalytic activity, 20 , 21 protection from water, 22 , 23 and 
generation of catalysts inoperative homogeneously. 24 
Concomitant to the synthesis and study of a polymer-
ically bound catalyst, an elucidation of the primary pro-
cesses operative in the homogeneous catalytic system should 
be made. Although hydroformylation has been studied exten-
sively since its discovery, the details of the reaction 
have yet to be unequivocably determined. The most 
thoroughly investigated system is that of Co 2 (C0) 8 for which 
Heck and Breslow postulate the following mechanism: 25 , 26 
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2Co(C0) 4 
2Co(C0)4 +Hz~ ZHCO(C0)4 
HCo(C0) 4 ~ HCo(C0) 3 + CO 
ROH-CHR + HCo(C0) 3 ~ RCH,CHR 
HCo(C0) 3 
RCH/CHR ~ RCHzCHRCo(C0)3 
HCo(C0) 3 
RCHzCHRCo(C0)3 +co~ RCHzCHRCo(C0)4 
RCHzCHRCo(C0)4 ~ RCHzCHR(CO)Co(C0)3 
RCHzCHR(CO)Co(C0)3 + HCo(C0)4-+- RCHzCHRCHO + Coz(C0)7 
RCHzCHR(CO)Co(C0)3 + Hz-+- RCHzCHRCHO + HCo(C0)3 
Although this reaction scheme empirically accounts for all 
observations, concrete evidence in the form of isolable 
intermediates has proven elusive. Similarly, a study of the 
photochemically induced hydroformylation by Frazier24 netted 
no real insight into the mechanics of this analogous reac-
tion, and complications due to air sensitivity and catalyst 
deactivation by tetramer formation were prohibitive. There-
fore, further research on this system seemed fruitless, and 
attention was turned to other metal carbonyls. In parti-
cular, the generation of multiple low valent reactive 
species from the decomposition of metal carbonyl cluster 
compounds seemed promising. For these reasons and the 
fact that it is a known thermal oxo catalyst, 27 - 29 the study 
of the photo-catalytic homogeneous and heterogeneous 
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hydroformylation properties of Ru 3 (C0) 12 was instigated. 
Experimental Section 
Ru 3 (C0) 12 was purchased from ROC-RIC and recrystallized 
from toluene. Freeze dried polyvinyl-4-pyridine was pre-
pared by Dr. Alan Rembaum of the Jet Propulsion Laboratory. 
All substituted silanes were purchased from PCR Chemicals, 
aldehydes from Aldrich, 99.5 atom % pure, and triphenyl 
phosphine from MCB. Carbon monoxide, hydrogen, and ethy-
lene, 99% purity, were obtained from Matheson Gas Products. 
Spectroquality solvents from MCB Chemical Company and 
olefins from Chemical Samples were dried by standard pro-
cedures. 30 Deuterated benzene used for NMR experiments was 
from Aldrich, 99.S atom % pure. Analyses of photoproducts 
were performed by Galbraeth Laboratories, Inc., Knoxville, 
Tennessee. 
Electronic absorption spectra and spectral changes were 
recorded with a Cary 17 spectrophotometer; quantum yield 
data on a Beckman IR-12 spectrometer. Infrared spectra were 
recorded on a Perkin-Elmer 225 instrument. NMR measurements 
were made on Varian T-60, A-60A, and 220 nuclear magnetic 
resonance spectrometers. Aldehyde production was measured 
on a Hewlett-Packard 5750 gas chromatograph with a flame 
detector using a 20' x 1/8" 25% STAP column (60°). Olefins 
and alkanes were measured with a 25' B,S' ODPN on carbowax 
column at 40° on a Perkin-Elmer 3920 gas chromatograph. 
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Light sources for photolyses (200, 250, and 1,000 watt 
Hg-Xe lamps) were used in conjunction with Corning cut-off 
filters to obtain the desired wavelength. Samples were 
cooled either with a compressed air stream or a constant 
temperature bath. Ferrioxalate actinometry31 - 33 was used 
for quantum yield determinations. The procedure was modified 
to adopt the precautions of Bowman and Demas. 34 The quantum 
yields for reactions of Ru 3 (C0) 12 with various substrates was 
determined by monitoring the disappearance of the 390 band. 
Typical photon flux was 1.03 x 10- 6 Einsteins/minute ·at 
366 nm. 
Photolyses were conducted in two-arm evacuable quartz 
cells with a spectrophotometer cell and a Kontes quick 
release valve. For experiments with gaseous reagents a cali-
brated volume was added to act as a gas reservoir so measured 
pressures of gases could be added. For batch homogeneous and 
heterogeneous hydroformylation experiments, one atmosphere of 
synthesis gas was reacted; the relative amounts of H2 and CO 
were varied to study gas ratio dependencies. Typi~al ratios 
were 80:20 II 2 :CO. Pentenes were dried separately over lith-
ium aluminum hydride and vacuum transferred into the cell. 
A thousandfold excess of pentene, i.~., [pentene] = 1 M, 
[Ru 3 (C0) 12 ] = 10-
3 M was used for homogeneous reactions. For 
heterogeneous experiments, ~· 100 mgs of freeze-dried poly-
vinyl-4-pyridine was pumped-on and heated for at least one 
hour prior to reaction to remove air and water. Experiments 
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with variously substituted silanes, i.e., Me 3SiH, Me 3SiCl, 
Et 3SiH, Ph 3SiH, and Cl 3SiH were done with 1:1 R3SiH:Ru 
ratios. 
Results and Discussion 
Trirutheniumdodecacarbonyl Ru 3 (C0) 12 was first prepared 
by Heiber and Fischer. 35 Although a crystal structure has not 
been done for this complex, Corey and Dah1 36 - 38 have shown 
that it is isomorphous to the osmium analogue Os(C0) 12 and 
that the latter has approximately n3h molecular symmetry in 
the crystalline state. The triangular cluster is held 
together by metal metal bonds only, all carbonyl groups are 
terminal as confirmed by mass spectral data: 39 - 42 
0 
Two of the carbonyls attached to each metal are essentially 
in the plane of the metal atoms, the other two are perpen-
0 
dicular. The mean bond lengths are 2.85 A between the metal 
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atoms, 1.92 A for the Ru-C bond, and 1.15 A for c-0. 43 
The electronic spectrum (Figure 1) has been measured and 
the lowest energy absorption (391 nm) has been ascribed to 
metal-metal interactions. 44 A calculation of the electronic 
structure by Tyler has confirmed this to be a metal local-
ized transition from a sigma bonding to a sigma antibonding 
orbital, as indicated in the MO scheme in Figure z. 45 
Depopulation of the bonding level results in cluster frag-
mentation as is the case for the photochemical bond scission 
in dimeric species. 46 The thermally inert Ru-Ru bond 47 
undergoes facile cleavage upon photoexcitation, yielding the 
coordinately unsaturated Ru(C0) 4 moiety evidence by reac-
tions of the type below: 48 




~ 3Ru(C0) 5 
If analogous to the dimeric systems, initial cleavage of 
the triangle would result in a metal diradical ~' which 
would undergo further fragmentation as shown below. While 
little evidence existed for this mechanism in Ru 3 (C0) 12 
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Figure 1 
The electronic spectra of Ru3 (C0) 12 in 2-methylpentane 
















MO scheme for Ru 3 (C0) 12 showing the 
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the reaction of Os(C0) 12 with halogens give rise to the lin-
49 ear compounds Os 3 (C0) 12x2. In contrast, the corresponding 
reaction with the ruthenium triangle yields predominantly 
so Ru 3 (C0) 12x6 , although the nature and distribution of pro-
ducts is dependent upon the experimental conditions. The 
compounds Ru(C0) 4x2, Ru 2 (C0) 6x4 , and/or Ru 3 (C0) 12x6 may be 
formed, but Ru(C0) 4x2 is the initial, identifiable species in 
each case. Several other reactions result in dimeric com-
plexes, 51,52 but these may again be due to recombination of 
monomers as in the halogen reaction. In no instance has the 
1,3-disubstituted trimer been reported. 
To elucidate the mechanism for declusterification, an 
experiment was performed in an attempt to trap ~ with nitric 
oxide. A novel nitrosyl substituted carbonyl cluster has 
been reported by the thermal reaction of Ru 3 (C0) 12 and 
NO:S3-55 
It was noped that formation of this substituted cluster 
would be seen if photolysis under NO induced formation of 1. 
Irradiation into the 390 run band (cr-cr* Ru-Ru transition) 
resulted in the disappearance of Ru 3 (C0) 12 and appearance, 
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initially, of a species that absorbed at higher wavelengths. 
This is consistent with the formation of a nitrosyl complex, 
although it was not possible to determine whether 
Ru3 (C0) 10 (N0) 2 or one of the known polyneric species
55 or 
some new complex was formed. Whatever its identity, the 
product began absorbing light at low concentrations and 
quickly decomposed. It was not possible, therefore, to 
obtain spectral evidence for product identification and 
thereby support for the proposed Ru 3 (C0) 12 fragmentation 
mechanism. 
To determine if the photo-induced unsaturated ruthenium-
carbonyl species might act as an oxo catalyst, a solution of 
Ru 3 (C0) 12 , polyvinyl-4-pyridine (PV-4-P) and 1-pentene was 
irradiated in the presence of synthesis gas. Hydroformyla-
tion of the olefin was observed, with aldehydes being fanned 
in a 2:1 (linear to branched chain) ratio. Typical yields 
were between the order of S x 10-S and 1 x 10- 3 moles total 
production, a turnover of between 100 and 5. Control exper-
iments carried out in the absence of light resulted in no 
yield, indicating that the process is, indeed, a photo-
catalytic phenomenon. Another set of control experiments 
was run in the presence and absence of polymeric support; 
total aldehyde production was almost an order of magnitude 
greater for the former. That a true heterogeneous catalyst 
existed was confirmed by IR analysis of the reacted polymer. 
The spectrum in Figure 3 shows a broad absorption in the 
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Figure 3 
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metal-carbonyl region, indicative of the attachment of a 
Ru-CO moiety. Unfortunately, the lack of spectral resolu-
tion precludes any structural determination. Elemental 
analysis showed 1% ruthenium/polymer by weight. 
To complete characterization of the polymer system, a 
concomitant investigation of the homogeneous reaction was 
begun. An understanding of this mechanisM would, hopefully, 
elucidate behavior of the heterogeneous system where low 
concentrations of the active species make spectral evalua-
tion and identification impossible. Preliminary investiga-
tions were begun on the photochemistry of Ru 3 (C0) 12 and 
pyridine and themethyl-substitutedpyridine derivatives (2-
and 4- picoline). These substrates served as good mo<lels 
for the polymer, and attachment of the ruthenium-carbonyl 
moiety to PV-4-P was thought to be the initial step in 
catalyst formation. This supposition, however, was proven 
erroneous by a subsequent heterogeneous experiment: 
Ru 3 (C0) 12 solutions were irradiated in the presence of poly-
vinylpyridine and the reacted polymer was washed and iso-
lated. Subsequently, the polymer was reacted with 1-pentene 
and synthesis gas (both thermally and photochemically), but 
there was no aldehyde formation. Obviously, then, polymeric 
attachMent was not the primary step in the catalytic process. 
However, when Ru 3 (C0) 12 solutions were irradiated in the 
presence of PV-4-P and 1-pentene, the polymer isolated and 
reacted with olefin, H2, and CO, aldehydes were formed in a 
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2:1 (linear to branched chain) ratio. Total yields after 
18 hours thermal reaction were comparable to those of 
initial reactions run in the presence of all elements of the 
heterogeneous system. 
It is obvious from these results that the reaction of 
Ru 3 (C0) 12 with 1-pentene is critical to formation of a cata-
lytically active species. Therefore, a photochemical in-
vestigation of this reaction was begun. Solutions of the 
trimer and olefin were irradiated at wavelengths greater 
than 355 nm and followed by UV-VIS and IR spectra as a 
function of time (Figure 4). Photolysis resulted in the 
formation of a single product, Ru(C0) 4pentene, as evidence 
by comparison of the IR spectrum with those for Ru(C0) 4 
ethylene 34 and Fe(C0) 4pentene.
56 Upon addition of PPh 3 to 
the Ru(C0) 4pentene solution, a displacement reaction 
occurred yielding Ru(C0) 4PPh 3 and also some Ru 3 (C0) 9 (PPh 3) 3 . 
Since there was no evidence for Ru 3 (C0) 9 (pentene) 3 , the 
Ru 3 (C0) 12 CPPh 3) 3 might have been formed due to increased CO 
lability and pentene loss. Another possible explanation is 
substitution on the bis-olefin complex postulated to be 
present in Fe(C0) 4 olefin systems (see the mechanism for 
isornerization). A reaction scheme such as that below could 
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Ru(C0) 3 (olefin) 2 ~ Ru(C0) 3 (olefin) +olefin 
Ru(C0) 3 (olefin) + PPh 3 ~ Ru(C0) 3 (olefin)PPh3 
Ru(C0) 3 (olefin)PPh3 ~ Ru(C0) 3PPh 3 +olefin 
3Ru(C0) 3PPh 3 ~ Ru 3 (C0) 9 (PPh 3) 3 
The coordinated olefin is obviously quite labile, and 
the reaction 
Ru 3 (C0) 12 + 1-pentene 
hv 
~ 3Ru(C0) 4pentene 
is an equilibrium driven to the right photochemically. Ces-
sation of irradiation results in the reappearance of the 
pale yellow color indicative of the triangle and bands for 
such in the IR. Sinilarly, removal of excess pentene drives 
the reaction back to the left, and one can isolate only 
Ru 3 (C0) 12 from .such an endeavor. This type of substituted-
monomer-trimer equilibrium has been seen in other Ru 3 (C0) 2 
substrate reactions. 49 
Because of the equilibrium conditions, it was not 
possible to obtain NMR evidence for pentene coordination--
interference by the excess olefin necessarily present ob-
scured other signals in this region. All NMR experiments 
were further plagued by concentration problems: the low 
solubility of Ru 3 (C0) 12 (£!_. 10-
3 H for any solvent) and the 
competing reaction to form larger metal clusters for photo-
cheraical reactions at maximum concentrations. In hopes of 
attaining greater yields of the mono-olefin species, syn-
thesis was planned via the pentacarbonyl Ru(C0) 5 • 
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Unfortunately, irradiation of solutions with excess 
Ru 3 (C0) 12 under CO resulted not only in the formation of 
Ru(coy5 but also a larger, unidentifiable metal cluster. 
Thus, this route had no advantage over that of direct 
triangle fragmentation and substitution. 
Using Ru 3 (C0) 12 with ethylene as the substrate, it was 
possible to verify olefin coordination and to determine the 
chemical shift (8.2!) for this complex (Figure 5). This is 
consistent with reported changes in NMR resonances. for 
metal-coordinated species. 57 - 60 The larger values of T 
- indicate greater electron density on the olefin TI orbitals 
resulting in increased magnetic shielding. This is in 
accordance with the popular model proposed by Dewar61 and 
Chatt and Duncanson62 for olefin-metal bonding. This model 
(Figure 6) involves forMation of a £bond by donation of TI 
electrons to the metal atom and a n bond by back donation 
from the d orbitals of the metal to olefin n* orbital. 
Coordination and subsequent olefin displacement are 
evidenced by conversion of the 1-pentene initially present 
to its isomers. That this is truly a photocatalytic phenom-
enon is indicated by the continued substrate interactions 
after cessation of irradiation. Table III shows the rela-
tive percentages of 1-pentene, trans-2-pentene, and cis-2-
pentene subsequent to irradiation as a function of time. 
After one hour in the dark the equilibrium value found for 
the pentenes is essentially that of the expected 
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Figure 5 
NMR spectrum of the photochemical reaction of Ru 3(C0) 12 





The Dewar-Chatt Duncanson model for olefin metal bonding. 
A) Sigma forward bonds. 
B) Pi back bonds. 
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. . 63 t ermo ynam1c ratio. After four hours, the photocatalyst 
has converted the pentenes past the point of equilibrium, 
which is reattained thermally after catalyst deactivation. 
Although Ru 3 (C0) 12 is known to thermally isomerize 
l-pentene, 64 it is doubtful that the same species is respon-
sible for the photochemical process. Data from the thermal 
reaction indicate that dissociation of the Ru-CO bond is 
the rate-determining step, and other evidence indicates the 
reactive species is a substituted triangle. Since a 
monomeric species is generated photochemically, this 
catalyst is more likely analogous to the iron-pentacarbonyl 
system, 65 although less efficient. After 30 minutes 
irradiation, catalysis by Fe(C0) 5 results in 70% conversion 
of 1-pentene, while the figure is less than 54% for the 
ruthenium complex. The greater reactivity of Fe(C0) 5 has 
also been confirmed by a comparison in quantum yields for 
the initial formation of M(C0) 4pentene, with ¢ = .OS for 
66 Fe(C0) 5 and¢= .03 for Ru 3 (C0) 12 . 
For the subsequent isomerization step, Wrighton has 
proposed the following mechanism for the Fe(C0) 5 system:
65 
Fe(C0) 5 + ~ 
Fe(C0)4 ~ 
hv .. Fe(C0)4 (~) + CO 
hv > Fe(C0)3 (~) + CO 
--4 H~C0)3 
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Table 1. Relative Percentages for the Isomerization of 
1-Pentene after Cessation of Irradiation (time= 
minutes) 
Time %1-Pentene %trans-2-Pentene %cis-2-Pentene 
5 46 40 14 
10 43 so 17 
15 15 67 18 
30 8 73 19 
60 3 79 19 
90 3 78 19 
120 4 78 18 
240 1 80 19 
1250 2 80 18 
1810 4.5 78 18 
3700 3 79.5 18 
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H):e (CO), s= Fe(C0)1 (~) 
1f' Fe(CO),(~) s= H • e (C0)1 
hf\ 
H Fe (CO), - Fe(C0)3 (/9\) 
Fe(CO),(alkene) + ~ • Fe(CO),alkene (~ 
Fe(CO), (alkene) (~ • Fe(C0)1 (=\...._) + alkene 
The available data indicate that this mechanism is also 
operative in the ruthenium system with generation of 
~-allylic and bis-olefin substituted intermediates. 
Numerous reports of the former have been described in the 
literature. For example, Ruc1 3 reacts with l,3-buta-
diene67,68 to give dichloro-(dodeca-2,6,10-triene-l,12-
diyl)ruthenium and with isoprene to give RuC1 2 (c10H16 ), a 
bridged chloro-complex containing the 2,7-dimethylocta-2,6-
diene-1,8-diyl ligand coordinated onto ruthenium. 69 The 
reactions of Ru 3 (C0) 12 with allylic halides
70 or Grignard 
reagents also result in stable ~-allylic complexes. 71 A 
~-allylic-hydrido-Ru complex would be expected to be quite 
reactive and, therefore, reversible due to the well docu-
rnented instability of monomeric ruthenium carbonyl 
hyJride. 72 
Unfortunately, direct evidence for a bis-olefin inter-
mediate is nonexistent--although its formation is consis-
tent with all the facts. Infrared analysis of the Ru3 (C0) 12 
and olefin reaction indicates the formation of Ru(C0) 4olefin 
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as the sole photoproduct; however, the analogous 
reaction using PPh3 as the substrate produced a mixture of 
monomers: Ru(C0) 4PPh 3 and Ru(C0) 3 (PPh 3) 2 . The fact that no 
Ru(C0) 3 (olefin) 2 is observed here or has been reported may 
be explained by the facility of olefin exchange. That 
numerous stable complexes are formed between the tricarbonyl 
and dienes 73 - 76 indicates that a bis-olefin species should 
be possible. 
Upon identification of the Ru(C0) 4pentene complex, 
further experimentation was directed toward the determina-
tion of subsequent steps in the pathway to hydroformyla-
tion. Solutions of Ru(C0) 4pentene were prepared photochem-
ically and allowed to react thermally with synthesis gas. 
Aldehydes were formed in a 2:1 (linear to branched chain) 
ratio with a total yield of 1.5 x 10- 3 moles. Analogous 
experiments done in the absence of CO resulted not only in 
aldehyde formation but in even greater yields. Thus, it 
seemed the addition of CO inhibited hydroformylation by 
competing for a vacant coordination site. This could be 
explained by the scheme below: 
Ru(C0) 4pentene ~ Ru(C0) 3pentene + co (2) 
Ru(C0) 3pentene + Hz .. Hz Ru (CO) 3 (3) 
H2Ru(C0) 3pentene -+ HRu (CO) 3alkyl (4) 
CO+ HRu(C0) 3alkyl -.. HRu (CO) 4 alkyl (5) 
HRu(C0) 4alkyl -+ HRu (CO) 3acyl 
(6) 
HRu(C0) 3acyl + Ru(C0) 3 + aldehyde (7) 
167 
Examples of cr-alkyl 77 , 7s and cr-acy1 79 monomeric ruthenium 
complexes may be found in the literature and "CO insertion" 
is a common phenomenon for transition metal-alkyl-carbonyl 
complexes. Step 5 of the reaction scheme would seem to 
indicate that reductive elimination to form the alkane is 
possible, and this is indeed the case. Up to 20% pentene to 
pentane conversion has been observed under typical reaction 
conditions. 80 While being a deleterious route alternate to 
hydroformylation, this alkane production does substantiate 
the mechanism outlined above. After aldehyde (or alkane) 
extrusion, the Ru(C0) 3 fragments react with each other and 
excess 11 2 to yield larger hydride clusters. The IR analysis 
is inconclusive as to whether 6-H4Ru 4 (C0) 12 or H2Ru 4 (C0) 13 
is the product, and elemental analyses are complicated by 
the presence of some Ru 3 (C0) 12 . 
Attempts to isolate or obtain spectral evidence for the 
proposed hydride, H2Ru(C0) 3pentene, proved fruitless. The 
reaction to form aldehydes is extremely rapid, even at low 
temperatures, as evidenced by immediate changes in the IR 
upon Hz addition. The concentration of the transient 
hydride, therefore, is necessarily low at any time during 
the reaction and, therefore, unobservable; analogous experi-
ments using n2 and Hz resulted in identical spectra. Also, 
monomeric ruthenium carbonyl hydrides are notorious for 
their thermal instability; the only stable and isolable 
complexes under ambient conditions are H2Ru(C0) 2 (PPh 3) 2 and 
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H2Ru(C0) 2 (PEt 3) 2 , formed from the reaction of H2Ru(C0) 4 at 
-63°. 81 The lack of any stable monophosphine substituted 
monomeric hydride explains the failure of experiments to 
trap the intermediate by phosphine displacement of the 
olefin--even if H2Ru(C0) 3PPh 3 were formed, it would rapidly 
decompose. This intermediate could also explain the forma-
tion of Ru(C0) 9 (PPh 3) 3 , although it does not eliminate the 
pathway via the bis-olefin complex. Other displacement 
reaction products were Ru(C0) 4PPh 3 and Ru(C0) 3 (PPh 3) 2 , which 
can be explained by hydrogen and olefin displacement 
reactions: 
H2Ru(C0) 3pentene + PPh 3 
H2Ru(C0) 3pentene + PPh 3 
Ru(C0) 3 (pentene)PPh3 + CO 
HzRu(C0)3PPh3 +co 
HzRu(C0)3PPh3 + PPh3 
-+ Ru ( C 0) 3 (pent en e) P Ph 3 + H 2 
-+ H2Ru(C0) 3PPh 3 + pentene 
-+ Ru(C0) 4PPh 3 + pentene 
.. Ru(C0)4PPh3 + Hz 
.. Ru(C0)3(PPh3)z +Hz 
An NMR experiraent to look at spectral changes after 
hydrogen addition to Ru(C0) 4 ethylene was unsuccessful. It 
was hoped that a disappearance in the netal-olefin signal 
and concomitant appearance of a metal-alkyl or oxygenated 
product could be observed. But again equilibrium and con-
centration effects made this impossible; removal of excess 
ethylene and addition of Hz yielded a spectrum of free 
ethylene. 
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Due to the elusive nature of the dihydride, experiments 
were run using trialkyl silanes as hydrogen analogues. 
Ru(C0) 4pentene was prepared and reacted with a variety of 
trialkyl silanes (Me 3SiH, Et 3SiH, Ph3SiH, and C1 3SiH) and 
two trialkylchlorosilanes (Me 3SiCl and Ph 3SiCl). In every 
case the reaction began almost instantaneously as evidenced 
by changes in the UV-VIS and IR spectra. Several low 
temperature experiments (0°) were run using Ph 3SiH in an 
attempt to isolate the adduct. Removal of the solvent, 
however, invariably resulted in spectral changes, presumably 
due to loss of pentene and/or hydrogen with aggregation of 
the Ru-CO moieties. Low temperature NMRs were impossible as 
the hydride resonance would be too weak under the reaction 
conditions, even if all the Ru(C0) 4pentene had been con-
verted and trapped as HRu(SiPh 3)(C0) 3pentene. The 
trialkylchloro- and trichloro- silanes were used in hopes 
that the halogen- or C1 3Si- metal bond would be stronger and 
thus prevent migration, but again, the reaction was 
extremely fast. While analyses of the supposed hydrosila-
tion products were not made, gc data indicated a loss of 
pentene--evidence that the observed reaction was not a 
simple displacement of the labile olefin. 
An alternate route to verification of the hydride-
olefin intermediate would be to start the reaction from the 
other direction. Thus, if HRu(C0) 4 (SiR3) could be 
synthesized, reacted with olefin, and the reaction yielded 
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products identical to those with the Ru(C0) 4pentene . 
catalyst, evidence for common intermediates and mechanisms 
would be gained. Identification of similar ruthenium car-
bonyl species formed upon reaction completion would also be 
informative for mechanistic considerations. With these 
thoughts in mind, the synthesis of HRu(C0) 4SiPh 3 was 
attenpted. Previous work on the photochemistry of these 
reactions done by Knox and Stone 82 had led to the formation 
of (R3Si) 2Ru(C0) 4 and (R3Si) 2Ru 2 (C0) 6 , however, at low temp-
eratures (less than 25°) photolysis of Fe(C0) 5 and R3SiH has 
successfully yielded the hydride species HFe(C0) 4 (SiR3).
83 
As the temperaf ure of the reaction is critical, a 3:1 
Ph 3SiH/Ru3 (C0) 12 solution was irradiated at 0°. Analyses by 
IR, however, indicated that (Ph 3Si) 2Ru 2 (C0) 6 was the only 
product formed, and Toeppler pumping proved that hydrogen 
had been evolved. Evidently, HRu(C0) 3 (SiPh 3) is simply too 
unstable to survive--even at fairly dilute concentrations 
(ca. 10- 3 M) and low temperatures, the species combines to 
form dimers and H2 . 
Since isolation of the ruthenium-olefin-hydride complex 
seemed not possible, a synthesis of the corresponding osmium 
derivative was considered. This seemed promising as a 
number of monomeric osmium hydrides are known, including 
84 H20s(C0) 3PPh 3 . Unfortunately, attempts to synthesize the 
Os(C0) 4pentene precursor from Os(C0) 12 were not successful, 
obviating the subsequent reaction with H2 . An IR of the 
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reaction was complex, with no indication that the mono-
olefin complex was formed. Subsequent work by Tyler has 
indicated that CO substitution, rather than triangle frag-
mentation is the predominate reaction for the osmium 
system. 86 In view of such further investigation of the 
Os(C0) 12 system was not pursued. 
While investigating the mechanism for Ru(CO) 4pentene 
catalyzed hydroformylation, the possibility of an alternate 
route to aldehyde formation was considered. Initial hydro-
formylation reactions had been done in the presence of both 
olefin and synthesis gas, so a ruthenium carbonyl hydride 
might also have been formed that subsequently acted as an 
oxo catalyst. Activation of molecular hydrogen by the 
reaction of photochemically generated 16-electron metal 
carbonyl species is known, 87 so this supposition is not 
unlikely. Irradiation of Ru3 (C0) 12 solutions under an 
atmosphere of H2 resulted in the formation of a single 
product, ~-H 4 Ru4 (C0) 12 , as evidenced by UV-VIS (Figure 7) 
and IR analyses (Figure 8). Bridging positions for the 
hydrogen atoms have been confirmed by a laser raman spectrum 
but the exact structure of the complex has yet to be ascer-
tained. 88 Of the several possibilities, two are considered 
especially likely (Figure 9). Formation of this larger 
cluster could be envisioned as follows: 
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Figure 7 
UV-VIS spectra of the photochemical reaction of Ru 3(C0) 12 

























Proposed structures for aH 4Ru 4 (C0) 12 . 
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Ru3(C0)1z ~ 3Ru(C0)4 
Ru(C0) 4 ~ Ru(C0) 3 + CO 
Ru(C0)3 +Hz ~ HzRu(C0)3 
HzRu(C0)3 + Ru(C0)3 ~ HzRuz(C0)6 
2HzRUz(C0)6 ~ H4Ru4(C0)12 
Since photodissociation of CO is probably not occurring 
under the reaction conditions (A> 355 nm), this reaction 
is not a likely pathway to oxidative addition of H2. 
Addition of 1-pentene to ~H 4 Ru4 (C0) 12 and subsequent 
thermal reaction resulted in hydroformylation of the olefin. 
The cluster is known to catalyze both the isomerization of 
pentenes 89 and the hydrogenation of unsaturated com-
d 90 . . . . h . poun s, so it is not surpr1s1ng t at it can serve as an 
oxo catalyst as well. Data for the isomerization reaction 
indicate that the mechanism involves £-alkyl intermediates 
formed by addition of the olefin to H4Ru 4 (C0) 11 . Redistri-
bution of the hydrogen isotopes for the reaction of trans-
c
2
H2D2 with H4Ru 4 (C0) 12 to yield c2H3D and c2Hn 3 prove that 
the metal bound hydrogens are transferred to the olefin. 
This reaction followed by "CO insertion" and subsequent 
elimination could account for the observed hydroformylation. 
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To compare the photochemical and thermal yields for 
the two catalysts, identical solutions of Ru3 (C0) 12 were 
prepared, two were photoly.zed in the presence of 1-pentene 
until conversion to Ru(C0) 4pentene was evidenced and two 
with H2 to form ~H 4 Ru 4 (C0) 12 • Hydrogen was added to the 
Ru(C0) 4 pentene solutions, 1-pentene to the ~H 4 Ru4 (C0) 12 
solutions, and analogous thermal and photochemical reactions 
were carried out for each system. The results are given 
numerically in Tables 2 and 3 and graphically in Figures 
10-13. Several conclusions may be made fromthese data. 
First of all, the photochemical reactions for both systems 
result in higher yields and faster rates of formation. In 
each case then, a true photocatalyst is operative. For the 
Ru(C0) 4pentene system irradiation prevents reclusterifica-
tion and subsequent catalyst deactivation. For the 
£-H4Ru 4 (C0) 12 system, the role played by light is not as 
obvious: its function may be to prevent destruction of the 
active species or to facilitate its formation and/or 
reaction. 
Another interesting similarity of the photochemical 
catalysis is that peak yields are reached within the first 
1-2 hours of the reaction, followed by a disappearance of 
the aldehydes already formed. Possibly these are being 
reduced to alcohols, a secondary product common to the 
hydroformylation process. That 1-hexanal will complex with 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































Thermal aldehyde production (l0- 4 moles) using 




















Photochemical aldehyde production (l0- 4 moles) using 


















Thermal aldehyde production (l0- 4 moles) using 
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Figure 13 
Photochemical aldehyde production (l0- 4 moles) using 
Ru(C0) 4pentene as a function of time (min). 
-Vl 0 













between Ru 3 (C0) 12 and the aldehyde (Figure 14). Although 
as yet unconfirmed, the complex probably involves bonding 
of the unsaturated acyl group or coordination via the lone 
pair of electrons on oxygen. The latter possibility seems 
particularly likely as the photochemical reactions of 
Ru 3 (C0) 12 with Et 2o and THF yield of monomeric adducts. 
Photolysis of an aldehyJe-Ru(C0) 4pentene solution results 
in displacement of the olefin. This was confirmed by IR, 
although the complexity of the spectrum made it impossible 
to determine whether the ruthenium-aldehyde species and/or 
some larger cluster is formed. 
Probably the most important aspect of the data is a 
comparison of the relative aldehyde production. The pre-
ponderance of 1-hexanal found for both systems is reasonable 
due to steric considerations. More significantly, the 
total yields are significantly greater for the Ru(C0) 4-
pentene reactions: thermally they are about 6 times that 
of the corresponding £-H 4Ru 4 (C0) 12 reaction, and photo-
chemically this factor exceeds 10. Thus, although the 
£-H 4Ru 4 (C0) 12 system contributes to the hydroformylation 
process, it seems that formation of the Ru(C0) 4pentene 
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PROPOSITION 1 
The Photochemistry of Bridging Vinylidenes 
201 
Vinylidenes or methylene carbines (:C=CR2) are the 
valence tautomers of acetylenes. Although unstable in the 
free state, they have been shown to form stable complexes 
with a variety of transition metals. 1- 7 The chemistry of 
this class of compounds is interesting in that it illustrates 
the conversion of metal to carbon single and multiple bonds 
(Figure 1). 8 This scheme also illustrates the electrophili-
city of the a position and the nucleophilicity of the 6 posi-
tion in the isoelectronic series for a terminally bound 
carbonyl, acetylide, and vinylidene. The electriphilicity of 
a vinylidene complex varies with the metal, ancillary 
ligands, and the charge on the complex as a whole. 
As two electron donors, the vinylidene ligand is 
analogous to carbon monoxide and isonitriles and may be bound 
either in a terminal or a bridging position. Recently a 
number of binuclear complexes have been isolated as illus-
trated in Figure z. 3 , 9-l 3 Since it is known that bridging 
groups can have a marked influence on the photoreactivity of 
cluster compounds, 14 it would be interesting to study the 
specific effect of vinylidene ligand acting in this capacity. 
In particular we propose to study the photoreactivity of 
Fez(ii-C-CPhz)(C0)8' CpzRez(ii-C=CHPh)(C0)4, Cp2Mnz(µ-C=CHPh)-
(C0)4, and CpzRu(µ-C=CHz)Ci.i-CO)(CO)z· 
A cursory study of the photochemistry of Cp 2Mn 2 (µ-C= 




Chemical transformations which relate metal to 















































































































































Synthetic routes to binuclear vinylidenes. 
205 
(NC)zC=CClz + 2NaFe(CO)zCP ~ CpzFez[µ-C=C(CN)z](C0)3 
CpRe(C=CHPh) (CO)z KOH/MeOH CpzRez(µ-C=~HPh)(C0)4 
CpMn(C0)3 + PhC=CPh ~ CpzMnz(µ-C=CHPh) (C0)4 





Ph P CO c...._"C<H 
3 Ph 
Although only a qualitative investigation was made, it was 
proposed that dissociation of the Mn-Mn bond was the first 
step in the photoprocess. This was followed hy migration of 
a µ-C-Hn bond to form CpMn (C=CHPh) (CO) 2 and CpMn (CO) 2 which 
react rapidly with PPh 3 present to form the indicated 
products. 
That the manganese atom is more strongly bound to the 
:c=CHPh ligand than with CO was confirmed by mass spectral 
data. 11 Elimination of ):=CHPh was shown to occur from the 
completely decarbonylated ion [Cp 2Mn 2(C=CIIPh)]+. This is 
explained by the increased electron withdrawing properties of 
.... 
the /C=CHPh ligand as compared to CO. In an infrared study 
of CpMn(C=CHPh)(C0) 2 and other CpMn(C0) 2L cymantrene 
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derivatives, Antonova et al., have estimated the electronic 
effect of C=CHPh as a ligand (Table 1). 11 On the basis of 
Keo values, the order of decreasing electronic-withdrawing 
properties is seen to be 
SOz > cs > C=CHPh > AsF > co > PF3 > c=cPh > CPhz > PPh3 
Thus, phenylvinylidene has an even greater n accepting capa-
city than CO. 
It would be instructive to study the photofragmentation 
of this molecule and the related vinylidene dimers in more 
detail. In particular, low temperature photolyses should be 
especially informative. If the primary photoprocess is 
indeed scission of the metal-metal bond, then disappearance 
of the o - o* (metal-metal bonding to metal-metal antibond-
ing) transition should be evidenced in the electronic absorp-
tion spectrum. Furthermore, infrared spectra would allow 
conclusions as to whether the bridging ligand remained intact 
and a CO is lost from such a binuclear intermediate or sub-
sequently from a monomeric fragment. 
Previous work on the photochemistry of Cp 2Fe 2 (C0) 4 
(where two carbonyls bridge the Fe-Fe unit) has shown metal-
metal bond fragmentation to be the primary photochemical 
step. 14 Rearrangement yields a monobridged intermediate 
which can react with substrates present in the medium 
(Figure 3). It seems likely that intermediates similar to 
those of Cp 2Fe 2 (C0) 4 will be formed from the vinylidene 
CO ~ Cp " / " / Fe-Fe 
/' /' 











bridged complexes if homolysis of the metal-metal bond is, 
indeed, the primary photoreaction. While the monobridged 
coflplexes may decompose rapidly to yield fragmentation 
products, Cp 2Ru 2 (µ-C=CH 2)(µ-CO)(C0) 2 may form substituted 
clusters. 
Reactions involving cleavage of the metal-metal unit 
should produce radical fragments capable of abstracting 
chlorine from chlorocarbon solvents or cross coupling reac-
tions. These photochemical reactions should be studied to 
elucidate the mechanism of reaction and provide synthetic 
routes to unique mixed metal clusters. For example photoly-
sis of CpzFez(µ-C=CHPh) (C0)4 and CpzMnz(µ-C=CIIPh) (C0)4 might 
prove a convenient route to Cp 2Fenn(µ-C=CHPh) (C0) 4 heretofore 
· unknm·:n. 
Another interesting avenue for research would be to 
study the photoreactivity of these co~plexes in the presence 
of various substrates. For example, photolysis of a bridg-
ing vinylidene complex in the presence of phenylacetylene, 
ketenes, or diazomethane could result in doubly bridged 
complexes with no formal metal-metal bond. Also, the forma-
tion of larger metalocycles could be envisioned as a result 
of the photoinduced insertion reactions of carbon monoxide, 
olefins, or acetylenes. 
The vinylidene dimers should provide a unique and 
interesting class of compounds for photochemical study. In 
particular they should prove to be exciting and informative 
210 
with regard to metal-alkyl photochemistry as a whole and the 
photoinduced fragr1entation of metal cluster compounds. 
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Hydrogen and Halogen Gas Production by a Photochemical 
Reductive-Elimination Catalyst 
213 
Due to current interest in systems of homogeneous cata-
lysts, extensive studies have been made on oxidative-addition 
reactions of transition metal complexes. 1 One area of parti-
cular importance is that involving metals of a d8 electronic 
configuration. These may be subdivided further into two 
classes: 
1) Addition reactions of coordinately unsaturated, 
square planar complexes 
2) Addition reactions of five coordinate complexes 
(usually having a trigonal bipyramidal configura-
tion) 
The former are perhaps the most thoroughly investigated 
2- 14 due to initial interest in Vaska's 14 and related com-
plexes. Addition of small, covalent molecules (including 
oxygen, olefins, acetylenes, hydrogen, non-metal hydrides, 
hydrogen halides and other protonic acids, metal halides, 
alkyl halides, acyl halides, halogens, and pseudohalogens) 
to these complexes is well documented. 16 , 17 In some cases 
the reactions are thermally reversible under mild conditions, 
and photochemical reductive elimination of thermally non-
labile adducts has been shown by Geoffrey. 15 Here, ultra-
violet irradiation of the H2 and o2 adducts of IrCl(CO) -
+ + 
(PPh 3) 2
, IrI(CO) (PPh 3) 2 , Ir(2-phos) 2, and Ir(Z=phos) 2 induces 
reductive elimination of molecular hydrogen or oxygen and 
regeneration of the square planar complex. 19 Reductive 
elimination of HCl from IrH(Cl} (CO) (PPh 3) 2 also occurs upon 
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irradiation of argon-purged systems. 
Less is known about the oxidative addition processes 
of d 8 complexes that are coordinately saturated. These 
reactions probably take place in two discrete steps, unlike 
their unsaturated counterparts, with loss of a neutral 
ligand. The reactions can be envisioned as proceeding by 
either of two pathways 1 7 (_Figure 1) . 
These compounds generally add only polar or electro-
phi lic molecules, (~·£·, hydrogen halides 18, 19 trifluoro-
acetic acid,?O sulfonyl chloride, 20 strong acids, alkyl 
halides, tin halides, 10 mercuric halideszo,z 4 , 25 silicon 
hydrides, 21 methyl iodide, 20 ' 22 ,Z 3 halogens, 4, l S, 22 , 26- 2 8 
and perfluoroalkyl halides} and do so in a consistently cis 
fashion. Obviously, unless either scheme 1 or 2 were rever-
sible, simple reductive elimination would not result in the 
original complex. If it were possible to reductively elim-
inate the oxidative-addition adduct and reinsert the neutral 
ligand by photochemical techniques, then reversibility would 
be effected. This could provide methods for developing new 
homogeneous catalysts and/or enhancing t~ activity of known 
systems, since oxidative-addition and reductive-elimination 
reactions are important steps in the mechanisms by which 
catalysts for hydrogenation, hydrosilation, hydroformylation, 
and ethylene dirnerization, etc., function. 
Several systems are inherently interesting and might 
prove valuable to study. The relative reactivity of <l 8 
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Figure 1 
Oxidative addition of X-Y to coordinately 
unsaturated d8 complexes. 
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I ... ·L A I x y ··. 1 .. Y 
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metals to undergo oxidative-addition reflects the stability 
of the corresponding d~ configuration. This tendency in-
creases in going from right to left and from top to bottom 
in the periodic table. 1 In an equivalent electron environ-
ment then, the relative order of reactivity would be os0 > 
Run > FeO, Ir1 > RhI > Co1 ,Pt 11 >> Ni 11 , ~u 11 . 1 Thus, com-
plexes of os0 , Ru0 , and Ir1 should be some of the most reac-
tive species with regard to oxidative addition. 
Reactions of bisphosphine complexes of Ru(O)-Ru( I I) and 
Os(O)=Os(II) might be particularly interesting to study. 
The configurations of both have been established by infrared 
spectroscopy and the latter by X-ray diffraction 29 to be 
PPh3 





M •Ru, Os 
Both are known to undergo a series of oxidative-addition 
reactions for example, the ruthenium complex reacts with a 
30 variety of small molecules, as depicted in Figure 2. 
Addition of X-Y is cis, resulting in the stereochemistry 
indicated above for III. When X-Y is a hydrogen halide, the 
dihalide is formed and hydrogen gas is evolved. The dihalide 
is presumably formed via a hydride intermediate. 
Similarly, hexafluorophosphoric and tetrafluoroboric 
3 l 32 acids react with Os(CO)}PPh~2. to form stable adducts ' 
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Figure 2 
Oxidative addition reactions of Ru(C0) 3 (PPh 3) 2 . 
PPh3 







X-Y oc .... I .... x 
----• CO + . Ru· 
X=Y=I 
X = Y =Br 
X =Y = CF3C02 




as depicted in Figure ~: 
PPh3 





cc... I ... co 
+ H X ··o{ i -
cc~ I ~H 
x- = PFs, BF4 PPh3 
If a nucleophilic anion such as Br is present, one of the 
carbonyl groups is replaced, resulting in a neutral molecule. 
This, however, is unstable and reacts further with HBr, 
yielding H7 and the dihalide (Figure 4). 
In each of these cases, the initial step appears to be 
protonation, resulting in an octahedral d6 configuration. 
The effectiveness of the trans-directory influence of 
ligands, 33 CO> PR3 , H-, insures the loss of a mutually 
trans CO and thus formation of the cis oxidative-addition 
adduct. The stereochernistry has been proven by using di-
methylphenylphosphine in place of triphenylphosphine in VIII 
in an NMR study. Furthermore, the infrared spectrum of the 
metal carbonyl region indicates a molecule of Czv symmetry, 
consistent with VIII. 
The reaction of M(C0) 3 (PPh 3) 2 and X-Y proceeds spon-
taneously with HCl, HBr, or HI and either the Ru or Os 
complex, yielding hydrogen gas and the dihalide. The rever-
sibility of the reaction can be achieved in high yield by 
treatment of the latter with zinc dust in hot DMF under a CO 
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Figure 4 
Reaction of OsH(C0) 3 (PPh3) 2 with HBr. 
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atmosphere 3o, 3l (Figure 5). Again, according to the trans-
labilizing effect, the halide ligand would be expected to be 
the most labile: 34 CO> PR 3 > I > Br-, Cl . The single IR 
stretching frequency for the metal carbonyl at 1&15 cm-l and 
1890 cm-l for the ruthenium and osmium complexes respectively, 
indicate that the reductive elimination and CO substitution 
yielded the starting trans-bistri~henylphosphine tricar-
bony ls. 
Only one study has been done on the photochemical prop-
erties of the Ru(C0) 2X2L2 series (L = a ligand with As or P 
· donor at om , X = h a 1 o gen) . The work o f B a rn a rd 3 6 e t a 1 . , 
indicated cis halogen and carbonyl complexes could be con-
verted into their totally trans isomers by irradiation and 
that such was thermally reversible (Figure 6). Dissociation 
of a carbonyl ligand was postulated as the first step, as 
partial loss of CO resulted in the formation of (Ru( CO) x2 L2) 2 
as a byproduct. So, although the carbonyl ligand is inert 
to thermal exchange ( ~· _g_., Ru( CO) 2 (PMe2 Ph) 2c1 2 can be heated 
to 80°C for several hours with no change 35), it can obviously 
be labilized by irradiation. This is to be expected as 
would a wavelength dependence on the type of elimination 
that prevails. No effort was made to isolate any wavelength 
of light, so this study provides no conclusive evidence 




Reaction of ~1(CO) 3 (PPh3) 2 to fonn M(CO) 3 (PPh3) 2 (M=Ru,Os) 
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PPh3 PPh3 
OC·... I ... CO Zn, OMF I .. ··CO 
. Ru·· ---------- OC-Ru· 




oc .... I ... Cl 
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Photochemistry of Ru(C0) 3(PPh3) 2 
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The photochemical properties of these complexes depend 
on the electronic states, but there has been no attempt at 
any spectral analysis to date. If the system proved viable 
for reductive elimination, electronic absorption spectra 
would have to be measured in order to make definite band 
assignments and elucidate the nature of the excited states. 
Geoffrey's spectroscopic data for iridium complexes indicate 
that the lowest excited state of each is MLCT in nature. 15 
The photoelimination process could be attributed to this 
state; however, the mechanism of formation of the extruded 
covalent molecule is not clear. For the dihydride cases, 
Geoffrey also noted that both ligand field and LMCT states 
could be considered consistent with the observed photo-
chemistry.16 Both of these were eliminated as there was 
only a very small shift in band position upon variation of 
the halogen in the complexes. 36 The energies of LF and LMCT 
transitions would be expected to be sensitive to changes in 
the halogen, 37 and such was not seen. The most probable 
mechanism was considered to be hemolytic cleavage of the Ir-H 
bond producing H· and Ir(II). It would be interesting to 
study H2 elimination, if such could be effected, in another 
system. 
Both Ru(C0) 3 (PPh 3) 2 and the osmium analogue
38 react with 
molecular hydrogen to produce H2M(C0) 2 (PPh 3) 2 at 120 atm and 
130°C in THF. It would seem reasonable that these complexes 
could be synthesized thermally or perhaps photochemically and 
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reversibly so by the latter process. This would elucidate 
mechanistic aspects of elimination processes and the elec-
tronic states responsible. 
Of primary interest, however, is the reaction with 
hydrogen halides. If it were possible to photochemically 
induce this reductive elimination, a neat and efficient 
homogeneous catalytic system for hydrogen and halogen gas 
production and energy storage could be achieved. Irradiation 
under a CO atmosphere or purge 39 at any time afterwards might 
reductively eliminate the halogen with regeneration of the 
initial catalyst. This cycle could conceivably be continued 
ad infinitum. 
The ruthenium system is particularly interesting as it 
is important in the realm of catalysis: Ru(C0) 3 (PPh 3) 2 is 
one of the most effective ruthenium hydroformylation cata-
lysts known. 40 Other five-coordinate complexes with cata-
40 lytic activity could also be studied, and RuClH(PPh 3) 3 , 
41 42,43 RuC1 2 (PPh3) 2 , and RhHCO(PPh 3) 3 are likely candidates 
in this respect. If reductive elimination proved intract-
able for these saturated systems, investigation of square 
44-48 41 planar complexes such as RhCl(PPh 3) 3 , RhH(CO)(PPh 3) 2, 
RhC1 2 (ethylene) 2
49 • 50 and (AsPh 3) 2nh(CO)Cl
51 would be another 
possible avenue for research. They would provide attractive 
and interesting systems for spectroscopic and photochemical 
study in that they are catalytically important molecules. 
Such would elucidate both basic electronic states and 
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subsequent behavior and add to our understanding of the 
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Synthesis and Reactivity of Silyldioxetanes 
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The cyclic four-membered peroxides known as dioxetanes 
comprise a unique and interesting class of compounds in 
that they produce electronically excited carbonyl moieties 
h 1 d 
. . 1 upon t erma ecompos1t1on. This reaction is particularly 
important as it has been implicated in the bioluminescence 
of cyprindina hilygendorfi, 2 ' 3 the latia neritoides, 4 and the 
firefly luciferin. 5- 8 Either of two processes is operative 
in these biological systems; the excited state intermediate 
produced is itself fluorescent or the excitation energy is 
transferred to an acceptor molecule that is fluorescent. 
These processes are indicated by Schemes I and II below, 
respectively: 
A + B C* 
(I) 
C* c + h \) 
A + B C* 
C* + D ----~ D* + C (I I) 
D* D + h v 
Dioxetane sensitized chemiluminescence may be measured 
via Scheme II, with energy transfer from an excited state 
carbonyl species. Although there has been some controversy 
over the mode of decomposition, kinetic data and thermo-
chemical calculations support a two-step, biradical mech-









A modification of the above allows the originally formed 
singlet to underto spin conversion, accounting for the ob-
served production of triplet carbonyl species. For example 
in the case of 3,3-dibenzyl-l,2-dioxetane: 10 
CsH5..::y + t 
C5H5 0 0 
c-c 




+ t ~~ 
0 0 < : C5H5 CsH5 CsH5~ t 0 C5H5 CsH5~ 
C5H5 0 
t (DZ') + 
0 
[csH5~~CsH5 + CH20J T1 CsH5::1-i :> 
CsH5 0 
' ( lZ:) 
Thermochemical calculations indicate and experimental 
evidence supports that only one excited state species is 
formed per dioxetane decomposition. The available energy is 
partitioned between the products, and this distribution can 
be calculated from the Boltzman equation if the singlet 
h . . t 11,12 pat way 1s not importan . Thus it is possible to 
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produce discrete numbers of excited state molecules with 
known energies. These can be used to sensitize chemilumi-
nescence or do "photochemistry without light". 13 
Al though extensive studies have been made in the realm 
of organic peroxide chemistry, the analogous compounds of 
elements other than carbon have been virtually ignored. 
Very little, for example, is known about any peroxysilane, and 
no attempt has been made to even synthesize a silyl dioxe-
tane. This species would be expected to show similar 
behavior to its carbon counterpart as an energy source and 
transfer agent. Also, the silyldioxetane and subsequent 
radicals produced might be expected to be more stable than 
their organic analogues due to a delocalization of elecrons 
on to silicon through dn - pn bonding not possible for carbon. 
This could elucidate mechanistic aspects of ring cleavage for 
both systems. If chemiluminescence is sensitized by the 
silyldioxetane in a manner similar to the carbon derivative, 
the existence of the elusive Si = 0 species will be indi-
cated. Furthermore, behavior of the R-Si-0 moiety is 
especially interesting as such is the fundamental linkage in 
the industrially important silicones. The silyldioxetane 
would provide a good model in this relation and possibly for 
a bonding calculation. For these reasons it is proposed to 
synthesize and study the cyclic inorganic peroxide ~ 
-
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Part A. Primary Considerations: Contrasts in Carbon and 
Silicon Chemistry 
In anticipation of the synthesis and study of silyl 
dioxetanes, it is necessary to consider the basic differ-
ences between carbon and silicon. Since both elements have 
similar electronic configurations (C,ls 2zs 2zp 2 ; Si,ls 2zs 2-
2p63s23p2), similar physical and chemical properties would 
be expected. Within a broad framework this is true: 
silicon compounds are analogous in formula type while struc-
ture and behavior can be considerably different. Although 
silicon compounds are frequently more reactive than their 
carbon counterparts this tendency does not necessarily 
reflect less thermodynamic stability. In fact the bonds 
formed to silicon are often stronger than those to carbon as 
indicated below: 14 
Table 1. Bond Energies (kcal/mole) 
Silicon Bond Bond Energy Carbon Bond Bond Energy 
Si-0 108 c-o 85.5 
Si-F 135 C-F 116 
Si-Cl 91 C-Cl 81 
Si-Br 74 C-Br 68 
Si-I 56 C-I 51 
Si-C 76 c-c 82.6 
Si-Si 53 C-Si 76 
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Another important difference between carbon and silicon 
is a reflection of the electronegativities of the two. 
Silicon is much more electropositive due to the increased 
shielding efficiency of the nuclear charge by filled 
orbitals. Therefore, ionic bond character and the possi-
bility of heterolytic cleavage must be considered. Using 
Pauling's scale of electronegativity, the difference between 
silicon and other elements, percent ionic character for 
bonds, and ionic bond energies are tabulated below: 15 , 16 
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It is obvious that while the C-H bond would be expected to 
cleave yielding a proton, Si-H fragmentation would result in 
Si+ and a hydride ion. Thus, the difference in ionicity 
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will be reflected in bond strengths, and susceptibility and 
direction of attack. 
Another reason for the increased reactivity of silicon 
0 0 
derivatives is its larger size, 1.17 A as opposed to .77 A 
for carbon. 17 Since silicon is about 50% larger, there is 
considerably less steric hindrance to attack. Many inter-
mediates are postulated to be five-coordinate, so that con-
siderable new bond making can be accomplished without prior 
loss of a coordinated group. In fact, many penta- and hexa-
coordinated silyl compounds are known--the most familiar 
being SiF~-. 18 This increase in coordination number is 
possible due to the empty 3d orbitals available for bonding 
and stabilization of intermediates and transition 
states. 19 ,zo The diffuseness of these orbitals makes them 
especially good at stabilization even at large internuclear 
distances. This participation by orbitals unavailable to 
carbon (due to the large energy gap between the Zp and 3d 
levels) is probably the most important reason for the 
increased reactivity of silicon. Another anomaly between 
carbon and silicon is the absence of any stable and charac-
terized species containing formal multiple bonds for the 
latter. Several theories have been postulated to account 
for this incongruous behavior. First of all, this lack of 
multiply-banded species has been attributed to the formation 
of extremely strong a bonds. 21 For example, a silicon atom 
may combine with oxygen and alkyl groups in either of two 
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ways: 
If the energy of the doubly bonded species is greater than 
twice the singly bonded one, the former will be thermodynam-
ically more stable. However, the Si-0 bond energy is known 
to be greater than that of C-0. So, even if Si=O and C=O 
are similar, it is conceivable that ZE(Si-0) is larger than 
E(Si=O). 
This argument loses credibility when considering TI 
bonding for Si=Si and Si=C, as the singly bonded species are 
not inordinately strong. Here steric considerations are 
invoked17 --perhaps the greater bond length due to the size 
of the silicon atom makes pTI - pTI overlap too small. 21 , 22 
Similarly, the 3p orbitals might be too diffuse, 23 although 
this is not supported hy calculations using Slater 
orbitals. 24 , 25 That interelectronic repulsions become 
important in the closer proximity requisite for multiple 
bonding has also been proposed, 22 but the existence of P=O 
and S=O are contradictory to this argument. Another 
possible explanation is that the availability of the 3d 
orbitals facilitates conversion of double bonds 26 by in-
creasing the number of a bonds. The true explanation may 
be kinetic and/or a combination of all of these factors. 
Recently data have been compiled evidencing that 
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silicon analogues to unsaturated compounds do exist 27 if 
only as short-lived intermediates during the formation of 
more stable products. Numerous examples in the literature 
support the formation of Si-c, 28 - 33 Si=Si 2s,z 9 , 34 , 35 and 
S . 030-33,36 . . i= mo1et1es. The latter is of particular interest 
here, for silyldioxetane decomposition should initially 
yield a double bonded silicon-oxygen species if analogous 
to carbon chemistry. Reports of pyrolyses of cyclic-
carbosiloxanes indicate that the products formed are con-
sistent with loss of a silyl ketone group. 37 - 39 Similar 
results were obtained for thermal decompositions of cyclo-
siloxanes. 36,4o,4l For example dimethylsilanone is postu-
lated as an intermediate in the gas phase pyrolysis of octa-
methylcyclotetrasiloxane yielding hexarnethylcyclotrisil-
oxane and decamethylcyclopentasiloxane as the only 
products: 36 
(Me 2sio) 4 MezSi:O + (MezSI0)3 
MezSi:O + (Me 2Si0) 4 ~ (Me 2sio) 5 +--
Me 2Si:O + (Me 2Si0) 5 ---+- (Me 2Si0) 6 ~ 
(MezSiO)ti 2(Me 2Si0) 3 
Similarly copyrolysis of 1,1-dimethyl-2-phenyl-1-
silacyclobutane and benzophenone leads to products consistent 
with intermediate dimethylsilanone formation: 33 
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-Fl-Ph n + ~ > Si Ph 
/' 
'si/ +~(Ph :. r+-ii~1 11 0 
Ph 
p~(h + [J~J Ph~ > 
0-Si-
I 
[,JJ > tri me rs and tetramers 
Results consistent with this nechanism are also obtained for 
silacyclobutane and a number of its derivatives with and 
without various trapping agents. 30 
Thus, it seems very possible that silyldioxetane 
decomposition could lead to an excited-state silylcarbonyl 
moiety that might transfer its energy before rearrangement 











A*--~) A+ hi' 
R1RzSQiR3 R4 
Of" P °' ymers 
Dative dn - pn bonding may also play a role in silyl-
dioxetane chemistry, as there is ample evidence for this 
phenomenon in many silicon compounds. Differences in bond 
angles, bond strengths, and reactivity for silicon and 
carbon analogues indicate a bond order greater than one for 
~' -~ructural differences, for 
example, are evidenced in the following compounds: 
pyramidal 
LCNC • 108• (44) 
planar 
LSiNSi • 120• (45) 
LCOC • 112• (46) LSiOSi • 144• (4 7) 
~Si-N=C=S 
Bent Linear 
LCNC • 142• (48) LSiNC •tao• (49) 
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These differences have been rationalized in terms of 
maximum pTI - dTI overlap. 17 The configuration is altered 
upon going from carbon to silicon substitution so that the 
non-bonding electrons on nitrogen or oxygen have more p 
character and can delocalize onto silicon d orbitals. 
Intranuclear distances between Si-0 and Si-N are also con-
siderably shorter than would be expected for a single 
bond. 17 Similarly, differences in the reactivity of alkyl 
d ·1 1 b . d . 5o- 54 . l ' d f an s1 y -su st1tute amines imp 1cate some egree o 
pTI - dTI bonding. The latter exhibit reduced electron donor 
ability for nitrogen with concomitant loss of electron 
acceptor ability for silicon, consistent with nonbonding 
electron donation onto silicon. The implications for a 
silyldioxetane are obvious--some degree of dative Si-0 
multiple bonding should exist and conjugation throughout the 
ring is possible. 
The TI interactions between silicon and unsaturated sub-
strates is also important. This results in electron deloc-
alization onto the metal, strengthening of the Si-L bond, 
weakening of the substituent TI bonding, and perturbation of 
the electronic spectrum. When the ligand TI system is 
symmetrical around the molecular bond, interactions should 
be seen regardless of orientation. But for substituents 
such as phenyl, orientation of the nodal planes must coin-
cide with the d orbitals in a certain way and rotation 
around the molecular axis must be minimal for interaction to 
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be important. Evidence for this type of bonding has been 
found in a detailed study of the UV spectra of ~1e 3 SiC 6H 5 
and its derivatives.SS Similarly ESR 56 , 57 studies of 
aromatic silicon compounds with an odd electron indicate 
delocalication from the ring to the silicon center, although 
there is little evidence for interaction between two or more 
aromatic substituents attached to the same silicon atom. 58 
Thus, the data indicate that stabilization due to TI inter-
action might be operative throughout the phenyl-silicon-
oxygen system in an aromatic substituted silyldioxetane. 
While the existence of dn - pTI interaction is obvious, 
how this is physically possible is not clear. Due to 
screening by s and p electrons, the d shells are consider-
ably higher in energy and more diffuse than the s and p 
orbitals. Calculations for the ground state electronic con-
figuration are hazardous at best, as it is not possible to 
meaningfully assess the value of the unoccupied d orbitals. 
However, an H-F calculation in Table 3 allows at least a 
qualitative evaluation. 59 
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Table 3. Calculated Values for the Orbital Energies and 
~.1ean Radii for the Outer Electrons in Some Con-
Figurations of Silicon, Obtained by the Hartree 
Fock Method 
Configuration 

































Even for the spd 2 configuration, energy and mean radii dif-
ferences are considerable. If this were actually the case, 
it would be difficult to understand how the d orbitals could 
participate in ground state interactions. One explanation 
is that electronegative ligands can bring about a contrac-
tion of the d orbitals which are sensitive to the effective 
nuclear charge. 60 - 64 The d orbitals contract in space and 
drop in energy relative to the s and p orbitals as the 
charge on the atom increases. Alternatively, calculations 64 
using self consistent field (SCF) wave functions result in 
less diffuse d orbitals and increasing n overlap. For 
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example a SCF-MO calculation by Perkins 65 for (SiH3) 3N 
indicates n bond stabilization of ca 48 kcal/mole and appre-
ciable electron donation onto silicon. A calculation for 
the silyl dioxetane system would be particularly inter-
esting for, as mentioned earlier, it could be considered a 
model for the larger silicone systems. 
These factors (greater reactivity, reluctance to form 
stable double bonded adducts, dative dn - pn bonding, and 
the influence of the vacant 3d orhitals) will all have an 
effect on the synthesis and behavior of silyldioxetanes. 
While these factors should be kept in mind, the magnitude 
and direction of influence will have to be ascertained in 
the laboratory rather than by speculation . 
. · 
Part B. Synthesis and Study of Silyldioxetanes 
An immediate problem arises when considering the 
synthesis of silyldioxetanes. A method analogous to that 
used for carbon is not possible, as the a-bromohydroper-
oxide66 precursor is prepared from an olefin, and the cor-
responding silene is nonexistent. Fortunately, this very 
reluctance of silicon to form doubly bonded species allows 
synthetic routes unavailable for alkyl dioxetanes. Either 
of two methods might prove viable. The first is analogous 
to work done by Dervan67 forming cyclic peroxy-compounds by 
the action of sodium peroxide on dichlorodiketones: 
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0 0 
+ 2Na Cl 
0 
It seems entirely feasible that this scheme could be 
employed to synthesize the silyldioxetane: 
R1R2ri-riR3R4 + NazOz ~R1Rzri-riR3R4 + 2NaCl 
Cl Cl 0 --0 
This type of reaction would not be possible with the carbon 
analogue as chlorine displacement would result in double 
bond formation; for the silicon system there is no such 
worry. Too, the n4x2si 2 precursor is easily synthesize-
able68 and should be co~mercially available. 
A second possible synthetic route is the autooxidation 
of the disilyl complex as indicated below: 
initiator 
R1Rzri~riR3 4 + HX 
0---0 
The reluctance of Si=Si bond formation would again result 
in ring closure being the preferential reaction. This 
method seems less promising than the first, however, for two 
reasons: 1) silicon hydrides are substantially less stable 
than their alkyl derivatives, and 2) the acid medium gen-
erated might induce decomposition via silanol production and 
b d . 69 su sequent con ensat1on. 
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The choice of substituents is primarily a question of 
stability. Brook 70 and others have demonstrated that com-
pounds containing alternating silicon and oxygen linkages 
readily rearrange. Also, both triorganosilyl hydroperoxides 
and bistriorganosilyl peroxides are known to undergo facile 
decomposition leading to the more stable siloxane and/or 
·1· f. . 71-74 s1 1cone con igurat1ons. Primary synthetic efforts 
should be directed toward making the silyl dioxetane least 
susceptible to this type of rearrangement. Thus, substit-
uents that stabilize the Si-Si bond would enhance possibil-
ities for a successful synthesis of the peroxide (and, 
perhaps, entrapment of the initial radical formed--if a two 
step mechanism is operative). Preparation of 3,3,4,4-tetra-
phenylsilyldioxetane is an excellent choice due to the known 
stabilization of Si-Si bonds by aromatic and vinyl substi-
tution. 75-77 The phenyl moiety might also stabilize the 
initial radical formed from 0-0 bond cleavage by delocaliza-
tion of the odd electron in the same ~ay the benzyl radical 
is stabilized. Admittedly the aromatic group is an atom 
removed from the radical center, but some oxygen pn-silicon-
dn-phenyl-pn conjugation might be possible if rotation 
around the C-Si bond is not important. 
Alternately, the traditional explanation for stabiliza-
tion effects on 0-0 bonds in peroxide centers is the ability 
of substituents to minimize the charge on the opposed 
dipoles of the two oxygen atoms: 69 
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R~-O__:_R 
In this light electron withdrawing groups such as methoxy or 
ethoxy would be expected to enhance peroxide stability. The 
silyl analogue of cis-diethoxy-1,2,-dioxetane (a known par-
ticipant in chemiluminescent systems) 78 is not feasible as 
the hydride substituents would increase the likelihood of 
rearrangement, but alkylated ethoxysilyldioxetanes should be . 
fairly stable. Here, though, a delicate balance of stability 
factors comes into play--electron withdrawing groups will 
stabilize the 0-0 linkage, but destabilize the Si-Si bond by 
increasing the positive charge on silicon. Which factor is 
more important will have to be determined experimentally. 
Steric factors should also be considered--if the 
increase in reactivity and subsequent cleavage of disilyl 
complexes is due to the ease of formation of pentavalent 
silicon through d bonding, bulky substituents will make this 
route to decomposition less likely. Thus groups like t-butyl 
or cyclohexyl will "stabilize" the Si-Si moiety by making it 
less accessible to attack. This has been evidenced with 
silanols: although variously substituted silanols are known 
to undergo facile condensation, 1,1,2,2-tetracyclohexyl-l,2-
dihydroxydisilane and other sterically hindered species are 
inert. 79 Also, naphthyl substituents would lend not only 
d . f . . 80 added bulk but also an unsaturate moiety or conJugat1on 
and, therefore, be an excellent choice. A final possibility 
252 
is the bicyclic system below: 
Q 
Ph I l Ph 
0-0 
81 This could be made from the halogenated complex and Na 2o2. 
Thus synthesis of phenyl-, napthyl-, t-butyl-, and 
cyclohexylsilyldioxetanes and combinations thereof should 
yield a rich variety of silyldioxetanes. This series of 
compounds could then be studied for energy transfer capabil-
ities and mechanistic considerations. Decompositions could 
be effected and the various rates compared for substituent 
and solvent dependencies. If a two step mechanism is oper-
ative, substituents should have much less effect on the rate 
of reaction. If cleavage of the 0-0 and Si-Si bonds is 
concerted, unsaturated substituents should markedly in-
fluence the rate by participating in the developing 
n-carbonyl character of the activated complex. Similarly, 
solvent effects would be minimal if ring opening to a neutral 
oxy-biradical rather than the polar carbonyl species is 
rate determining. 
Of primary interest is determining whether this reac-
tion yields an electronically excited intermediate via 
initial silyl carbonyl formation. Thermolysis of the var-
ious silyldioxetanes could be done in the presence of 
fluorescent acceptors such as DPA and DBA to test for 
chemiluminescence. If evidence were found for this 
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phenomenon, silyldioxetanes would provide a new and inter-
esting class of compounds for the study of energy generation 
and transfer, and "photochemistry without light" could be 
accomplished by the generation of the elusive silylketone 
moiety. For these reasons preparation and investigation of 
silyldioxetanes would be an attractive and worthwhile pur-
suit. 
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PROPOSITION 4 
A Chemically Induced Dynamic Nuclear Polarization (CIDNP) 
Study of Pt(IV) Alkyl Complexes 
260 
Interest in transition metal alkyl complexes has in-
creased dramatically in recent years as they have been found 
to be more abundant and stable than heretofore recognized. 
In particular thermal decompositions have been studied 
extensively revealing a variety of decomposition pathways 
. 1 d. l B 2 d d . 1. . . 3 , 4 d h 1 . inc u ing a, , an re uct1ve e im1nat1ons an omo ys1s 
of the carbon metal bonds. 5 In contrast, although a number 
of metal-alkyl systems have been studied photochemically, 
most of the information gleaned has been qualitative in 
nature; few quantitative mechanistic studies have been made. 
Furthermore, while it has been generally claimed that photo-
chemical cleavage results in radical formation via homolysis, 6 
there is little evidence to support this speculation and con-
flicting data are often the case rather than the exception. 
In order to gain insight into the mechanism of possible 
radical reactions, we propose to study the photochemical de-
composition of a series of metal-alkyl complexes by the tech-
nique of chemically induced dynamic nuclear polarization 
(CIDNP). 7- 11 In this technique the nuclear magnetic reso-
nance spectrum (NMR) is followed during the course of the 
reaction. A product arising from radical precursors will 
exhibit a polarized spectrum, resulting in peaks of enhanced 
absorption (A) or emission (E). In addition to this simple 
diagnosis, more detailed information, including the history 
of radical pairs preceding product formation and their 
dynamic behavior, may be derived from signs of the hyperfine 
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coupling constants, g factor differences, precursor multi-
plicities, and signs of the nuclear spin coupling constants. 
For reactions run in high magnetic fields, qualitative 
predictions and interpretation of experimental data may be 
made on the basis of two rules. This may be exemplified by 
the pair of radicals a and b with g factors ga and gb, ~g = 
ga - gb, nuclei i and j ' and hyperfine coupling constants A. 1 
and Aj. If nucleus i belongs to radical a, the CIDNP spec-
trum of nucleus i can be coupled to nucleus j with a nuclear 
spin coupling constant Jij• This can be described by the 
signs of two quantities rne for net effects (A,E) and rme for 






= + = net absorption, 
= - = net emission, 
= lJe:a;a.J .. CJ •• 
J lJ lJ 
E 
A 
= + = low field part E, high field part A in a 
multiplet, E/A 
rme = - = high field part E, low field part A in a 
multiplet, A/E 
Definitions of parameters are as follows: 
µ = + for a triplet or free precursor. A free pre-
cursor derives each of the · fragments of the 
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radical from a different source. 
µ = - for a singlet precursor 
£ = + for products from recombination within the 
original cage 
£ = - for products from fragments which escape the 
original cage 
~g = the sign of (gi-g) where gi is the g factor for 
the radical fragment containing nucleus i and 
g is the factor for the other radical fragment. 
The g values are obtained from ESR data. 
a = the sign of the hyperfine coupling constant. 





(J •• = 
1) 
The sign is generally obtained from ESR data on 
stable free radicals. 
the sign of the nuclear spin coupling constant 
between nuclei i and j . The sign is generally 
available from NnR data. 
+ if nuclei i and j are originally in the same 
radical fragment. 
- if nuclei i and j are originally in different 
radical fragments. 
The CIDNP observed will be opposite for products derived from 
singlet versus triplet precursors and for original cage 
versus escape products. Furthermore, if the reactant shows 
substantial polarization, it must necessarily have been re-
formed from radical species. Therefore, CIDNP can give 
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evidence for rapid recombination resulting in no net reaction 
which would explain low quantum yields or "apparent" lack of 
reactivity. 
For this study a series of platinum(IV) complexes of the 
type PtR3LzX, PtR4Lz and PtRzR'LzX (Table 1) 12 , 13 will be in-
vestigated using the CIDNP technique. Examination of the 
configurations of these complexes (Figure 1) would lead one 
to conclude that reductive eliminations of the type shown in 
Equation 1 might be facile. This is indeed the case upon 
R 
Ln~~ + LnM + R-R (1) 
thermal decomposition as indicated by the data in Table 
z.lZ,l 3 Different results, however, can be obtained photochem-
ically: in the photolysis of PtMe 3 (PMe 2Ph)I both ethane and 
methane were observed implying that decomposition did not proceed via 
a concerted pathway. 14 Similar contrasting modes for decomp-
osition were seen for some platinum(!!) complexes. Thermal-
ysis of cis-PtRzLz (R = Ph, C6H4Me-4; L = PPh3, PMezPh, 
P(C6H4Me-4) 3 ; L2 = Ph 2PCH 2PPh 2, Ph 2CH 2CH 2PPh 2 , or 
Me 2PcH 2cH 2PMe 2) led to concerted reductive elimination of 
. 15-17 -b1aryl. Photochemical studies of cis-PtR2L2 (R - CH 3 , 
CH
2
cH 3 ; L = PPh 3 , L2 = Ph 2cH 2cH 2PPh 2) complexes by two inde-
pendent researchers, however, showed no evidence of concerted 
coupling products. 18 , 19 Although the complexes studied are 
not strictly analogous, alkyl derivatives of cis-PtR2L2 would 
also be expected to undergo reductive elimination thermally 
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PtBrMe 3(AsMe 2Ph) 2 I 
PtIMe3(PMezPh)z I 
PtMe4(PMezPh)z II 










Configurations for Pt(IV) complexes of the type 
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as the ease of elimination has been shown to be R = acetyl > 
allyl > ethyl > methyl > [ 2H3]methyl > benzyl > phenyl > tri-
fluoromethyl. 4 Thus, very different modes of decomposition 
are possible depending on the method of initiation. 
In the thermolysis of the platinum(IV) complexes, the 
trans effect was seen to influence labilization in the 
expected way. The order of increasing effect is generally 
considered to be 20 
OH - NH - amines < Cl 3 
arsines - H < olefins - CO - CN 
Br < SCN - 1 
The trans influence is also reflected in Pt-C bond distances, 
weaker bonds being evidenced when the trans ligand Cl is 
replaced by Br- and 1-.Zl These effects should not be as 
important for photochemically induced decomposition, however. 
Here the respective excited state populated upon irradiation 
should be of primary importance Yith respect to ligand dis-
sociation. For example excitation into a o - o* transition 
should result in fragmentation of this bond and expulsion of 
the specific ligand thus bonded. If relaxation to a state of 
lower energy occurs, preferential loss of a particular ligand 
will be seen regardless of increasingly energetic excitations. 
The varied complexes proposed for study (and possibly 
deuterated analogues) should give specific information as to 
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what groups are preferentially eliminated. This should be 
easily detected from CIDNP data. Wavelength dependent study 
would aid in elucidation of the nature of the electronic 
transitions involved and allow speculation as to the mole-
cular orbital scheme for this interesting class of compounds. 
Traditional photochemical techniques could also be employed 
to complement data obtained from the CINDP studies outlined 
above. 
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PROPOSITION 5 
Characterization of Some Chlorate and Nitrate Reductases 
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Nitrate reductases have been isolated from both micro-
organisms1 and higher plants. 2 This enzyme catalyzes the 
reduction of ~03 to NOz via electron donor molecules such as 
NADH and NADPH. Two main types of nitrate reductases, 
eukaryotic and prokaryotic, may be distinguished on a phylo-
genic basis. 3 The principal distinction between these are 
the incorporation of flavin adenosene dinucleotide in the 
eukaryotic type and the respective forms of the iron groups 
involved in electron transport for each. All nitrate reduc-
tases, however, have been shown to require molybdenum for 
their formation and activity although characterization of 
the specific metal site is wanting. 1 
For both eukaryotic and prokaryotic types, chlorate 
represents an alternative and competitive substrate. 3 Some 
but not all species will also effect chlorate to chlorite 
reduction. Enzymes that reduce both substrates have been 
designated type A while those that reduce nitrate only as 
_type B. 4 Some bacteria, ~·K·, Aerobacter aerogenes and 
A. denitrificans contain both types of enzymes while others, 
~·[·, ~ aerogenes strain L-III-1 or Pseudomonas putida have 
only type B. 3 Type A enzymes have been shown to reduce 
bromate as readily as chlorate (where tested) and iodate 
slowly or not at all. 5 These enzymes are particulate and 
very sensitive to azide or cyanide. 6 Inhibition by the 
former (K. 0.3-2 x 10- 6 M) is reversible and competitive with 
1 
nitrate and may indicate that each is bound to the same 
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metal site. Effects of cyanide are not completely revers-
ible, and kinetics are non-competitive when cyanide reacts 
before nitrate. Activation energies for type A enzymes for 
the reduction of nitrate are moderate (7.4-12.0 KJ). Type 
B enzymes are often soluble and are relatively insensitive 
"d "d 7 to az1 e or cyan1 e. For these ions chlorate is a mixed 
non-competitive and competitive inhibitor. Large activation 
energies (24.3 KJ) are found for nitrate reduction. 
A third class of enzymes presumed to be related to 
nitrate reductases has been discovered by Pichinoty and 
Pl·echaud. 6 ' 8- 11 I 1 t d f b t · H f · so a e rem some ac er1a ~·a·, a nia 
(6/63) sp., Proteus vulgaris and Providencia stuarti, this 
enzyme reduces chlorate but not nitrate. The reasons for 
this specificity are not clear and lead to interesting 
speculation as to the nature of the three types of enzymes. 
Two possible explanations of this unique reactivity are 
immediately obvious: either the molybdenum environment is 
different in each case and/or a different molybdenum redox 
couple is responsible for reduction. Structural differences 
seem likely in the case of type A and type B enzymes as they 
show dissimilar behavior with regard to reactions with 
cyanide and azide. The effects of these substrates has yet 
to be determined for the chlorate reducing enzymes, preclud-
ing structural speculations. Since the redox potential for 
NO 3/NO z -+ N03-INo; is . 420 V and that of CI03/CI0z is . 600 V, the lack 
of chlorate reduction by types A and B enzymes is not a 
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reflection of the reducing capabilities of the molybdenum 
site. If these are similar for all three types of enzymes, 
perhaps different redox couples~·[·, MoVI/MoV and MoV/MoIV 
are operative in the respective catalytic pathways. Charac-
terization of the enzymes from Aerobacter aerogenes, A. 
dentifricans, ~ aerogenes strain L-III-1, Pseudomonas 
putida, Proteus vulgaris, and Providencia stuarti would be 
interesting and informative. Structural determinations and 
enzyme characterizations could be made by X-ray absorption 
edge and EXAFS, electrochemical, and EPR studies. Deter-
mination of the electron transfer mechanism would be eluci-
dated by reaction with inorganic redox reagents. 
The application of X-ray absorption spectroscopy has 
confirmed and elaborated ideas about the molybdenum sites in 
nitrogenase, 12 , 13 xanthine oxidase, 14 and sulfite oxidase. 15 
This technique could easily be extended to study the nitrate 
reductase and nitrate reductase related enzymes. The edge 
region is particularly informative as the presence of a low 
energy feature is indicative of a molybdenyl functionality. 
Also, the exact position of absorption reflects the oxidation 
state of molybdenum; oxidized and reduced samples of the 
enzymes could be analyzed for indication of the active redox 
couple(s). Furthermore, since edge regions reflect the 
molybdenum environment, similarities or lack thereof would be 
informative in regard to enzyme structure. This qualitative 
picture would be comple:nented in detail by the EXAFS region 
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of the spectrum. The key parameters derivable from this 
region are the number of scattering atoms of a certain type 
and the distance of these scatterers from the molybdenum. 
Thus structural components and bond orders may be evaluated 
for the immediate environment. In some cases, atoms beyond 
the first coordination sphere may also be determined. The 
presence of heavy metal atoms such as iron or a second molyb-
denum held closely and rigidly with respect to the absorbing 
molybdenum by a bridging ligand has a significant effect. 
Thus a haem group interaction might also be seen for these 
enzymes. Moreover, since EXAFS measurements should be suf-
ficiently sensitive to detect an enzyme-substrate complex, 
should there be two absorbers with overlapping spheres C~·K·• 
molybdenum and iron), the two sets of data would complement 
each other. Thus, absorption edge and EXAFS data should 
give a highly specific picture of the local environments of 
these enzymes allowing conclusive evidence as to their 
structures. 
EPR spectroscopy can also be informative as to the 
nature of the surrounding ligands and the oxidation states 
of the metal. EPR results illustrative of important trends 
and potentially relevant to molybdenum enzymes are given in 
Table 1. 16 Although there is no single complex whose param-
eters are identical to those for an enzyme, some of the 
trends are informative. · In general g values close to 2.0023 





















































































































































































































































































































































































































































































































































































































































































































































































































to increased covalent bonding. Furthermore, sulfur spin-
orbi t coupling can also lead to higher g and lower A 
c95 , 97Mo) values, the only biologically relevant molecule 
(O,N,S) to do so. Therefore, g and A values are rough 
measures of the number of sulfur atoms in the coordination 
sphere. The EPR spectrum should also be informative as to 
the redox couple involved for each enzyme. For example, 
nitrate reductase obtained from Escherichia coli Kl2 was 
shown to cycle between Mo(V) and Mo(VI) states 17 while the 
Chlorella vulgaris enzyme cycle involved Mo(IV) and 
Mo(V). 18 , 19 Differences in the redox couples could explain 
the specificity of the enzymes in question. 
Molybdenum undoubtedly functions as the terminal elec-
tron donor for the nitrate and chlorate reductases, as the 
redox potential of the haem iron (-0.060 V) falls between 
those for chlorate (+0.600) and nitrate (+0.425 V) and 
NAD(P)H (-0.315 V). While E0 values for molybdenum couples 
in the protein bound states are not known for eukaryotic 
nitrate reductases, measured values for the Mo(VI)/Mo(V) 
couple in prokaryotic systems vary between -0.200 V and 
-0.400 v. 20 Since E0 values are not known for the enzymes 
in question, these could be measured by cyclic voltammetry. 
This would also be instructive for deduction of type and 
number of re~ox states available to the enzyme. A series of 
experiments could then be conducted to examine the mechanism 
of electron transfer for these enzymes by inorganic redox 
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reagents. Depending on the exact potentials measured, 
typical reagents such as FeEDTA2- (Eo = .120 V) and 
Co(phen)~+ (Eo = • 370 V) might be reacted . Since it has 
been suggested that the molybdenum center of nitrate reduc-
tases is in a hydrophobic region of the protein, 21 dramatic 
rate differences should be evidenced by hydrophobic ~·a·, 
Co(phen)~+ and hydrophilic~·~·' FeEDTA2- types of inorganic 
reagents. These experiments should elucidate the mechanism 
of oxidation and reduction operable in these enzymes. 
Furthermore, they will provide information concerning the 
accessibility and nature of the redox centers and th~ rate 
of intramolecular electron transfer. 
The experiments proposed should elucidate the structure 
of the active molybdenum site, the potential and redox 
states operable, and the mechanism of electron transfer for 
each enzyme studied. This information would allow specula-
tion as to the remarkable specificity evidenced by these 
enzymes in particular and to understanding the class of 
nitrate reductases as a whole. 
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